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Understanding the mountain pine beetle detoxification systems is vital for 
predicting its continued spread into the novel jack pine host. Phylogenetic analyses were 
conducted for mountain pine beetle catalase, glutathione peroxidase, superoxide 
dismutase, and peroxiredoxin. These proteins were generally conserved, but there were 
differences in some key functional motifs. Specifically, a peroxiredoxin (DPPrx1) 
contained a unique combination of hyperoxidation motifs. DPPrx1 and a superoxide 
dismutase (DPSOD1) were selected for further functional analyses and demonstrated 
higher reactivity when compared to other SOD and Prx proteins. Also, DPPrx1 
experiences hyperoxidation at a lower H2O2 concentration (~0.06 mM) than human 
peroxiredoxin (~0.12 mM). In other systems, hyperoxidized peroxiredoxin does act as a 
signal molecule for the expression of other oxidative stress proteins. Therefore, due to its 
relatively high reactivity and potential role as a cellular signal, DPPrx1 could serve as a 
future pest management target.
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Chapter 1: Introduction 
1.1. Mountain pine beetle ecology and outbreak 
Bark beetles (Curculionidae: Scolytinae) are a group of phloeophagous insects 
that have a major impact on conifer health in forest ecosystems and contribute to overall 
tree mortality. This is particularly true in the case of the mountain pine beetle, 
Dendroctonus ponderosae Hopkins, which is endemic to western North America. 
Historically, the range of this species extends from northern Mexico (latitude 31° north) 
to central British Columbia (BC) (latitude 56° north). It can feed on and reproduce in all 
North American species of pine, with the exception of Pinus jeffreyi (Jeffrey pine), but its 
primary host species is lodgepole pine, Pinus contorta Douglas (Safranyik et al. 2010). 
Populations of the mountain pine beetle fluctuate in four phases: endemic (low 
population density), incipient-endemic (population density increases), epidemic 
(populations reach outbreak level), and post-epidemic (populations decline) (Carroll et al. 
2006). Typically, an epidemic phase lasts five years, however in 1994 the largest 
outbreak in recorded history began, and to date, has killed 750 million cubic meters of 
lodgepole pine stands in British Columbia and now in Alberta (Janes et al. 2014; Aukema 
et al. 2006). Despite the severity of this outbreak, at normal low population levels 
mountain pine beetle are generally restricted to trees in a weakened condition (Saab et al. 
2014).  
With the massive spike in population that occurred from this most recent 
outbreak, a major expansion in the range of the mountain pine beetle also took place. The 
mountain pine beetle travelled farther north than previously observed and also crossed the 
Canadian Rocky Mountains east into Alberta  (Janes et al. 2014; Cullingham et al. 2011). 
There the beetle was able to proliferate within a hybrid zone comprised of lodgepole pine 
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and jack pine, Pinus banksiana (Lusebrink et al. 2013; Cullingham et al. 2011). 
Eventually the mountain pine beetle was able to progress into forests comprised primarily 
of jack pines, which extend as far as to eastern Canada and the United States. The 
mountain pine beetle alongside its fungal and other microbial symbionts have been 
coevolving with the lodgepole pine for eons, but this is not the case for jack pines (Clark 
et al. 2014). Jack pines have different resin chemistry compared to lodgepole pine, and 
continued success of the mountain pine beetle within this novel host species is contingent 
upon many factors, but particularly on how it will be able to overcome the trees’ defenses 
(Clark et al. 2014; Janes et al. 2014). Therefore, developing a better understanding of 
mechanisms that mountain pine beetle use to overcome the host tree’s defense systems 
could be critical towards predicting the continued spread of infestation across novel jack 
pine host extents of range. 
1.2 Pine Chemical Defenses 
 The two main groups of secondary metabolites produced by pines are the phenols 
and terpenes. Phenols are a key part of the pine defense system, and they are important in 
disrupting the progress of affecting fungal or bacterial infection (Vornam et al. 2019; 
Tholl 2015). Therefore, in terms of bark beetle defenses, terpenes are usually considered 
the much more noteworthy group. They are the largest group of secondary metabolites, 
with 40,000 unique compounds found in nature (Tholl 2015). They serve a number of 
functions, ranging from growth and development to facilitating specific interactions 
between conifers and their environments (Tholl 2015). 
The relationship and impact pine terpenes have on the mountain pine beetle is a 
complicated one. Seybold et al. (2006) discussed how the mountain pine beetle uses 
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monoterpenes in the biosynthesis of its aggregation pheromones. Aggregation 
pheromones are essential to the success of the mountain pine beetle, as they help to 
recruit more individuals to the host tree, ultimately overwhelming the host tree’s defenses 
(Chiu et al. 2019). That said, terpenes are also harmful to the mountain pine beetle, but 
their exact impact is still not fully understood. Many are toxic and cause death, while 
others appear to disrupt ovary and egg development, serve as food deterrents, or even 
mimic the juvenile hormone of mountain pine beetle and hinder maturation (Chiu et al. 
2019; Seybold et al. 2006). Additionally, it has been found that the monoterpenes, α-
pinene and β-pinene, serve as kairomones for parasitoids and predaceous insects like the 
wrinkled bark beetle, Lasconotus complex (Seybold et al. 2006). The role of terpenes in 
this tri-trophic interaction is an area that requires more in-depth study and is another 
intriguing potential function of these chemicals (Shikano et al. 2017). In addition to the 
initial toxicity of these compounds, the breakdown of terpenes by invading bark beetles 
produces highly degradative reactive oxygen species (ROS) that the invading beetles then 
have to contend with (Mason et al. 2018; Birben et al. 2012). 
Conifer trees are believed to have evolved over 200 million years ago, and shortly 
after (~65 million years later) the first wood boring beetles evolved (Seybold et al. 2006). 
Therefore, as the primary host of mountain pine beetle, lodgepole pine has had millions 
of years to adapt and refine the aforementioned defenses to specifically contend with the 
mountain pine beetle. However, the mountain pine beetle has in turn been able to 
optimize its own set of strategies to overcome these obstacles (Seybold et al. 2006). 
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1.3 Mountain Pine Beetle detoxification 
Mountain pine beetles have a number of pathways dedicated to isolation and 
degradation - a multigenic process that has been the focus of many studies (Robert et al. 
2016; Pitt et al. 2014; Keeling et al. 2013; Robert et al. 2013; Bonnett et al. 2012). With 
the successful sequencing of the mountain pine beetle genome, it is now possible to 
identify specific genes and gene families involved in these different pathways (Keeling et 
al. 2013). Particularly, studies investigating the global mountain pine beetle production of 
RNA transcripts (transcriptome) and proteins (proteome) (Pitt et al. 2014; Robert et al. 
2013), that occur before and after host colonization, have particularly garnered a 
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































 When comparing the results of the studies analyzing the mountain pine beetle 
transcriptome and proteome, it was found that gene products involved in detoxification 
were upregulated. Specifically, several gene families displayed upregulation: cytochrome 
p450s, ABC transporters, and oxidative stress proteins (Pitt et al. 2014;Robert et al. 
2013). Despite that, the number of products upregulated from each gene family varied 
between the transcriptome and the proteome, it is likely that these genes play a 
considerable role in detoxification (Pitt et al. 2014, Robert et al. 2013). The p450 family 
of proteins has been investigated for their suspected role in trans-verbenol production, 
but their suspected primary role is breaking down the secondary metabolites of plants. 
ABC transporters function to actively pump toxins out of the cell, somewhat in 
opposition to the porin proteins utilized by the trees. The other major family of proteins 
that was upregulated was the oxidative stress proteins and will therefore be the focus of 
this project (Figure 1.1) (Pitt et al. 2014; Robert et al. 2013). 
1.4 Mountain pine beetle Oxidative stress proteins 
As discussed, the factors influencing mountain pine beetle colonization of pine 
trees are many and complicated. This study’s primary focus was on the oxidative stress 
system. Specifically, it was conducted with the intention of functionally and 
phylogenetically characterizing the mountain pine beetle’s primary oxidative stress 
proteins with a focus on those that displayed upregulation in previous transcriptomic and 
proteomic analyses. 
Oxidative stress proteins moderate the harmful effects of reactive oxygen species. 
All aerobic organisms continually produce reactive oxygen species, also known as free 
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radicals. However, when exposed to toxic chemicals, like the secondary metabolites of 
pine trees, exposure to reactive oxygen species increases considerably (Birben et al. 
2012). This is believed to be due to the breakdown of the lignin polymer, and the number 
of phenolic compounds generated as a result of this process. In other species these 
compounds have been shown to lead to the formation of the free radicals quinone and 
aglycone (Mason and Bowers 2017). Free radicals can be extremely harmful to the 
mountain pine beetle because they deplete fat stores, degrade DNA and protein, and 
damage gut tissue (Mason 2016; Dmochowska-Ślęzak et al. 2016). Therefore, being able 
to properly metabolize such compounds is important to the mountain pine beetle’s 
survival during host colonization. This is further supported by the upregulation of these 
proteins in blue stain fungus, Grossmania clavigera,  that was exposed to detoxification 
conditions (DiGuistini et al. 2011). The oxidative stress proteins of mountain pine beetle 
have not been studied in terms of functional characteristics. However, within other 
organisms, there is a general understanding of what substrates are degraded by each 
enzyme (Ajuwon et al. 2015). 
Primary oxidative stress proteins are those that directly break down free radicals 
and include superoxide dismutase (SOD), peroxiredoxin (Prx), glutathione peroxidase 
(GPx), and catalase. Many of these proteins displayed upregulation in the mountain pine 
beetle transcriptome and proteome during host colonization (Pitt et al. 2014; Robert et al. 
2013). In addition to these four are thioredoxin and thioredoxin reductase (TR) which are 
essential oxidative stress proteins but are designated as ‘peripheral’ to the main pathways 
because they do not directly interact with the free radicals, so were not examined in this 
study (Sheng et al. 2014). They were also not upregulated during host colonization in the 
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transcriptome and proteome of the mountain pine beetle (Pitt et al. 2014; Robert et al. 
2013).  
One of the most notable of these upregulated oxidative stress proteins is 
superoxide dismutase, which processes the harmful superoxide anion (O2-) into free-
floating oxygen and H2O2. There are three main families of animal SOD – extracellular, 
intracellular, and mitochondrial (Broxton and Culotta 2019). All three families are 
present within the mountain pine beetle, but only the intracellular variant demonstrated 
upregulation during host colonization, when the insect is likely to be detoxifying host 
secondary metabolites (Pitt et al. 2014; Robert et al. 2013). Mitochondrial SOD differs 
from the other SOD types in terms of structure and that its metal cofactor is a manganese 
ion rather than copper or zinc. The primary function of mitochondrial SOD is to 
breakdown the free radicals produced from aerobic respiration, and therefore it would 
make sense that its expression would not be heavily impacted during host colonization 
(Zelko et al. 2002). It is curious that the extracellular variant did not show any 
upregulation (Pitt et al. 2014; Robert et al. 2013), considering that Colinet et al. (2011) 
found that these proteins are found in the venom and digestive juices of some parasitic 
wasps and flies as they have antivirulence properties that protect against the host’s 
immune response. 
SOD breaks down the superoxide anion into H2O2, which if left to build up within 
the cells could prove lethal, but instead it is readily processed by peroxiredoxin, catalase, 
and GPx (Ajuwon et al. 2015). In contrast to the multiple proteins for degrading H2O2, 
the superoxide anion is only broken down by SOD (Figure 1.1; Figure 1.2). Therefore, 
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SOD is likely critical to successful mitigation of free radicals in the mountain pine beetle 




Figure 1.2 - Key oxidative stress proteins (Superoxide dismutase, Peroxiredoxin, 
Catalase, and Glutathione peroxidase) used by the mountain pine beetle, their free radical 
substrates, and primary electron donors, derived from Ajuwon et al. (2015). 
 
 The peroxiredoxins are a family of thiol-specific proteins containing no metal 
cofactors. In addition to their antioxidant activities, they are involved with cell signaling 
cascades, cell proliferation, and immune responses (Shi et al. 2014). Currently there are 
six identified isoforms of peroxiredoxin (Shi et al. 2014). The most notable way of 
distinguishing the different peroxiredoxin types is by their number of cysteine groups: 
Prx1–4 are classified as the typical 2-cysteine type, Prx5 is the atypical 2 cysteine type, 
and Prx6 is the one cysteine type. Prx1,2, and 6 are found in the cystosol; Prx4 contains 
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an extracellular N-terminal signal; Prx3 is located within the mitochondria; Prx5 can be 
found in the cytosol, mitochondria, and peroxisomes; and Prx 6 is cytosolic but primarily 
localized to the outer membranes of the peroxisomes, mitochondria, and nucleus (Rhee et 
al. 2016; Shi et al. 2014). All six isoforms are present in the mountain pine beetle and 
five were upregulated during host colonization: Prx1, Prx2, Prx4, Prx5 and Prx6 (Pitt et 
al. 2014; Robert et al. 2013). 
 Despite being a key component of the antioxidant systems of mammals (with 
there being six isoforms in humans), glutathione peroxidases were not originally 
considered a part of insect systems. However, isoforms were initially identified in 
Drosophilia melanogaster, and have since been discovered in many other insect species 
(Corona and Robinson 2006). GPx's are a family of antioxidant protein that use 
glutathione or thioredoxins as electron donors, to reduce H2O2. Which electron donor 
they use is dependent on whether they contain a cysteine or a selenocysteine as the 
electron acceptor (Dias et al. 2016). As will be discussed in Chapter 2,  mountain pine 
beetles only have two GPx isoforms that are both localized within the cytosol and both 
use cysteine as their main electron acceptor. Neither protein demonstrated upregulation in 
the transcriptome or proteome during host colonization (Pitt et al. 2014; Robert et al. 
2013), but since GPx is a primary protein in the antioxidant pathway, they were included 
among the proteins deemed suitable for further analyses. 
 In contrast to these other proteins, there is only one isoform of catalase that has 
been identified within other vertebrate and invertebrate systems. The one known 
exception is Caenorhabditis elegans where the catalase gene is believed to have 
duplicated (Corona and Robinson 2006). Consistent with these other systems, mountain 
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pine beetle has a single catalase that is intracellular and was not upregulated in the 
transcriptome and proteome during host colonization (Pitt et al. 2014; Robert et al. 2013). 
However, it is also a key part of the oxidative stress pathway, so it was also deemed 
suitable for further analyses. 
1.5 Investigation of recombinant oxidative stress proteins 
The information garnered from this process, and the resulting phylogenetic and 
functional assay data could be useful for other researchers working in metabolomics and 
looking to functionally characterize proteins. As well, the findings from this study could 
help to confirm the role of these proteins within mountain pine beetle. This research is 
also valuable because the findings could be used in designing outbreak models that could 
be predictive of the mountain pine beetle’s continued range expansion.  
1.6 Research question 
1) Do the mountain pine beetle’s primary oxidative stress proteins (catalase, 
glutathione peroxidase, superoxide dismutase, and peroxiredoxin) have unique 
evolutionary histories or functional features compared to those found in other 
organisms? 
1.7 Objectives 
1) Construct amino acid alignments and neighbor joining trees for mountain pine 
beetle catalase, glutathione peroxidase, peroxiredoxin, and superoxide dismutase 




2) Design and optimize protocols allowing for the expression and purification of 
mountain pine beetle catalase, glutathione peroxidase, peroxiredoxin, and 
superoxide dismutase (Chapter 3). 
3) Design and optimize protocols allowing for the functional characterization of 
mountain pine beetle superoxide dismutase, peroxiredoxin, glutathione 
peroxidase, and catalase (Chapter 3). 
1.8 Hypothesis 
1) The mountain beetle’s primary oxidative stress proteins will have evolved unique 
functional features enabling them to mitigate the high oxidative stress 


























Chapter 2 Phylogenetics and Sequence Analyses 
2.1 Introduction 
Mitigating the damaging effects of ROS is essential to an organism’s metabolic 
functioning. Therefore, the important role of oxidative stress proteins is ubiquitous across 
all life forms. However, across different taxonomic groups, there are differences in 
abundance and reactivity for each protein type. For instance, glutathione reductase is 
common in vertebrates but mainly absent in many insect groups; instead analogous genes 
like thioredoxin and thioredoxin peroxidase have evolved to act as functional equivalents 
(Couto et al. 2016). Catalase, glutathione peroxidase, superoxide dismutase, and 
peroxiredoxin play a primary role in reducing oxidative stress, but taxonomic variations 
are still present. 
Corona and Robinson (2006) conducted a phylogenetic analysis of the primary 
and secondary antioxidant system of Apis mellifera (western honeybee). They found that 
although the basic components of the system remained consistent (mainly the specific 
antioxidant proteins present) there were considerably more paralogs present for each 
protein in the western honeybee. The authors attributed this to the differences between 
social and solitary insects, and the different selective pressures that each type of insect 
may be exposed to (Corona and Robinson 2006). With the completion of the mountain 
pine beetle genome (Keeling et al. 2013), a similar analysis can now be done on the 
mountain pine beetle antioxidant system. With bark beetles living the majority of their 
lives exposed to their host tree’s defensive compounds, it is likely that their primary 
oxidative stress proteins had to undergo unique adaptions in order to survive those harsh 
conditions 
Proposed Evolution of the Primary antioxidant proteins 
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The evolution of oxidative stress proteins is believed to be directly linked to the 
Earth’s Great Oxidation Event (Sheng et al. 2014). As cyanobacteria began to introduce 
oxygen gas to the environment, the production of the superoxide anion soon followed. 
Superoxide is a free radical that can be highly degradative to DNA and other biologically 
essential molecules, however, it displays varying reactivity within the different regions of 
the cell. When compartmentalized within organelles like mitochondria, that express their 
own superoxide dismutase, superoxide levels are maintained at minimal and non-
damaging levels. Without this antioxidant system, the ROS generated would be 
extremely damaging when in contact with other cellular regions, ultimately resulting in 
cell death (Turrens 2003). The  superoxide radical had a drastic impact on the metabolic 
processes used by the organisms of the time, resulting in the evolution of the enzymes in 
the antioxidant pathways. In order to catalyze the reduction and oxidation the of the 
superoxide anion it is believed that superoxide dismutase (SOD) was the first of the 
oxidative stress proteins to develop in the common ancestor of modern Archaeans ~2.4-
2.0 billion years ago (Sheng et al. 2014).  
The evolution of oxidative stress pathways was not only key for withstanding the 
degradative impacts from ROS like superoxide and H2O2, but likely also for the 
development of some of the first cellular signaling pathways (Inupakutika et al. 2016). 
Once these ROS could be maintained at distinct REDOX levels, they could then be 
coopted by the cells for signal transduction. These molecules could be useful for 
indicating when the cell is experiencing stress conditions, and because different ROS 
have different properties (e.g. reactivity, diffusion rate, etc.), each ROS could trigger a 
unique response in the cell. It is likely that ROS could have been some of the first signal 
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molecules to be incorporated for cellular signaling – and oxidative stress proteins, like 
SOD, would have been crucial for their regulation (Inupakutika et al. 2016). Furthermore, 
there is support that the oxidative stress proteins themselves can serve as signal 
molecules within the cell, particularly the hyperoxidized form of peroxiredoxin. This 
peroxiredoxin conformation occurs when oxidative stress is high and is believed to act as 
some sort of signal, resulting in the expression of additional oxidative stress proteins 
(Neumann et al. 2009). 
Superoxide dismutase 
The evolution of SOD is believed to have occurred not only in response to 
increased oxygen in the environment but also to increased accessibility to REDOX-active 
transition metals which are transition metals that enable the SOD proteins to catalyze 
their redox cycling reactions (Jomova et al. 2012). The evolution of SOD enzymes has 
resulted in a classification of these enzymes based on their associated cofactors. 
Originally, iron (Fe2+) occurred in abundance in the world’s oceans and was used as the 
first metal cofactor of these original SODs, as well as the similar superoxide reductases 
(SOR), that evolved separately in prokaryotes (Sheng et al. 2014). However, as the 
atmosphere became increasingly oxygenated, the available Fe2+ was converted into 
insoluble ferric oxyhydroxides. Manganese (Mn2+) and Nickel (Ni2+) cofactors were then 
employed as alternatives to iron (Inupakutika et al. 2016).  
As the atmospheric concentration of oxygen increased, copper (Cu) and zinc (Zn) 
were gradually oxidized into the soluble Cu2+ and Zn2+ ions and became the primary 
metal cofactors used by most SOD and SOR variants (Sheng et al. 2014). These are the 
metal cofactors still used by cytosolic and perixosomic SODs, with cytosolic SODs 
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evolving much earlier than peroxisomic SODs. Fe-SOD is found within the chloroplasts 
and Mn-SOD within the mitochondria, a characteristic that can be attributed to the 
bacterial origins of these organelles. There is also a Ni-SOD variant that is restricted to 
gram-negative bacteria and cyanobacteria (Inupakutika et al. 2016). 
Mammalian SODs are among the most thoroughly characterized enzymes of this 
type because of their essential role in human health. For instance, a mutation in one of the 
subunits of the human Cu/Zn-SOD1 gene has been linked to an increase amyotrophic 
lateral sclerosis (ALS), or Lou Gehrig’s disease (Sheng et al. 2014). However, in insect 
systems, such as mountain pine beetle, these enzymes are not as well characterized. That 
said, although it is not specific to insects, generally it is understood that mitochondrial 
Mn-SODs primarily break down the superoxide anion surges referred to as “superoxide 
flashes”  that occur  as a by-product from cellular respiration. Some cytosolic Cu/Zn 
SODs are located near the mitochondria and are believed to further assist with this, but 
others are located in other regions of the cytosol and could break down the superoxide 
anions produced by peroxisomes and other degradative structures (Sheng et al. 2014). 
The exact role of extracellular Cu/Zn SOD in insects is even more tentative. Their 
function could be particularly important for an organism like the mountain pine beetle 
that is actively breaking down high concentrations of toxic compounds (e.g. terpenes and 
phenols) and consistently needing to mitigate the damaging effects of the resulting free 
radicals that are produced (Parker et al. 2017). Furthermore, the fungal and microbial 
symbionts are also actively breaking down these compounds, so it is likely that there 
would be a large quantity of superoxide radicals produced in the extracellular matrix that 
the beetles would need to contend with (Gretscher et al. 2016). 
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When SOD breaks down the superoxide anion, it produces oxygen and hydrogen 
peroxide (H2O2). Although less damaging than the superoxide anion, H2O2 is still a 
reactive oxygen species and required the evolution of new oxidative stress proteins in 
order to mitigate its damaging effects. There is evidence to support that shortly after its 
evolution, the original gene encoding SOD underwent a duplication event in the initial 
ancestral organism. Subsequent mutations in each of the duplicates led to one becoming 
the original Cu/Zn-SOD gene, and the other becoming the first catalase protein (Klotz & 
Loewen 2003). 
Catalase 
Originally discovered and named in 1900 (Loew 1900), catalases have become 
the most commonly studied antioxidant proteins due to their presence across all life 
forms and relatively straightforward reaction mechanisms. Catalase breaks down two 
H2O2 molecules into two water molecules and one oxygen molecule, and as such is a key 
pH regulator. Disrupted catalase activity has been linked to a number of diseases (e.g. 
Alzheimer's disease) (Nandi et al. 2019). With the exception of C. elegans, which has 
two catalase genes, most organisms are known to only contain one catalase gene (Petriv 
and Rachubinski 2004). Typically, catalase proteins lack any kind of signal peptide, 
restricting them to the cytosol, and are large tetramers typically comprised of four 
polypeptide chains that are ~500 amino acids long (Ashokan et al. 2011). Three families 
of catalase have been defined: typical heme containing catalases, atypical heme 
containing catalases, and manganese catalases (Zamocky et al. 2009).  
Manganese catalases represent only a small portion of catalase proteins (30 
proteins) found within bacteria. Phylogenetic studies show that this family diverged very 
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early on in the evolution of catalases (Mhamdi et al. 2010; Zamocky et. al. 2009). The 
atypical heme containing catalases are absent in Animalia and Plantae. The most 
abundant type of catalase – the typical heme containing catalases – are found across all 
Archaea, Bacteria, Eukarya (including Plantae and Animalia). The spread of this family 
of catalase across these disparate life forms is believed to be due to multiple instances of 
lateral gene transfer events between eukaryotes and their microbial symbionts (Zamocky 
et al. 2009).  
Glutathione peroxidase 
 A study conducted by Margis et al. (2008), supported that glutathione peroxidase 
does not have a linear evolutionary history. The evidence indicates that several lateral 
gene transfers resulted in the formation of the different GPx genes. Margis et al. (2008) 
were able to organize the different glutathione peroxidases into three polyphyletic 
groups: Group 1 (metazoans), Group 2 (fungi, bacteria, cyanobacteria), Group 3 (plants). 
 GPx catalyzes the breakdown of H2O2 using either the glutathione or thioredoxin 
(TPX) molecule as an electron donor. In mammals, glutathione is the primary electron 
reductant, and initially it was believed that genes encoding enzymes with GPx activity 
were absent from insect genomes. However, with the completion of the Drosophila 
melanogaster genome, two GPx homologs were discovered that use TPX as the primary 
reductant. As a result, they were labeled as GPx homologs with TPX activity. Two GPx 
homologs were also identified within the Apis mellifera and Anopheles gambiae genomes 
(Corona and Robinson 2006). Most mammals have six distinct GPx isoforms, with GPx4 
being the most similar to those found in insects. Mammalian GPx4 shows more similarity 
to the GPx4 isoforms found in other organisms (insects, plants, and bacteria), indicating 
	
	 26	
that the other mammalian GPx proteins share a distinct phylogenetic origin from the 
GPx4 proteins which are generally regarded as being phylogenetically ancient and having 
first evolved prior to the divergence of these different organismal groups (Margis et al. 
2008). 
Peroxiredoxin 
 Peroxiredoxins (Prx's), also known as thioredoxin peroxidases, are a family of 
proteins that are ubiquitous across all three domains of life (Knoops et al. 2007). In the 
last couple decades, the Prx family has become one of the most widely studied families of 
oxidative stress proteins, due to their prevalence and their many different functions (e.g. 
protein chaperones, oxidative stress mitigation, cellular signaling, etc.) (McGonigle et al. 
1998). In addition, this group is unique among the previously mentioned oxidative stress 
proteins in that they lack metal cofactors, relying solely on the cysteines in their active 
site to facilitate catalysis. Although similar to GPx, they exclusively use thioredoxin as an 
electron donor instead of the glutathione molecule. Despite having a similar three-
dimensional structure and having functional similarities to other oxidative stress proteins, 
there is little sequence similarity between the peroxiredoxins and the other primary 
oxidative stress proteins (Chae et al. 1994).  
 The Prx family of proteins is large and diverse in terms of their functional role 
and sequence similarity, making it challenging to categorize individual proteins. Nelson 
et al. (2010) were able to classify Prx’s based on the similarity of the Prx active site into 
six subfamilies. When constructing a tree with both insect and human homologs, it was 
found that the different Prx types formed distinct clades regardless of species. As a result, 
Nelson et al. (2010) came to the conclusion that different Prx types were present in the 
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common ancestor of both of these groups. This was further supported when it was 
determined that each member of these particular clades had the same subcellular location.  
There are more Prx proteins in eukaryotes than in prokaryotes, and they appear to 
have other functional roles in addition to reducing oxidative stress. When in their 
hyperoxidized stated, Prx proteins are believed to play a crucial role in cellular signaling. 
Bacterial Prx (Ahpc) shows limited susceptibility to hyperoxidation, indicating that it is 
probably not involved in cellular signaling. In contrast, many of the Prx proteins found in 
eukaryotes do demonstrate this susceptibility. Therefore, the expansion in the number of 
unique Prx proteins in eukaryotes is likely a reflection of the expansion in function that is 
required in more complex eukaryotic organisms (Bolduc et al. 2018). Despite their 
importance in other systems, all of the previously discussed proteins have yet to be 
characterized in mountain pine beetle.  
2.2 Research Question 
1) Are the primary oxidative stress proteins (catalase, glutathione peroxidase, 
superoxide dismutase, and peroxiredoxin) of the mountain pine beetle 
phylogenetically similar to the primary oxidative stress proteins of other insects 
with well characterized genomes? 
2.3 Objectives 
1) Conduct phylogenetic and bioinformatic analyses comparing the antioxidant 
genes of mountain pine beetle to two other Coleopterans and two species from 
Lepidoptera, Diptera, and Hymenoptera. 
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2.4 Hypothesis   
1) The Oxidative stress proteins of the mountain pine beetle will cluster most closely 
with species that have a similar life history, such as Asian longhorn beetle. 
2.5 Materials and methods 
Annotation of Dendroctonus ponderosae genes 
 
In order to conduct phylogenetic analyses on the mountain pine beetle oxidative 
stress proteins, homologous protein sequences were identified from eight other insect 
species. The following species used were selected based on availability of their respective 
annotated genomes: Tribolium castaneum (Herbst) (red flour beetle), Anoplophora 
glabripennis (Motschulsky) (Asian longhorn beetle), Bombyx mori (L.) (silk moth), 
Bicyclus anynana (Butler) (squinting bush brown), Apis mellifera (L.) (honey bee), 
Pseudomyrmex gracilis (Fabricius) (elongate twig ant), Drosophila melanogaster (fruit 
fly), and Anopheles gambiae (Giles) (African malaria mosquito). Each homologous 
sequence was obtained by inputting the accession number of the mountain pine beetle 
protein of interest into the BLASTp program at NCBI (Altschul et al. 1990). To further 
support that the generated protein was actually that particular homolog, the proteins that 
were generated from BLASTp were cross referenced with previous studies that worked 
with them to confirm that those authors also identified the protein as that particular 















































































































































































































   
   






































































































































































































































































































































































































































































































































































































































Determination of protein characteristics 
 For the mountain pine beetle oxidative stress proteins, the number of exons was 
obtained from the NCBI summary for each gene and the open reading frame size was 
determined using the NCBI ORF finder (NCBI Resource Coordinators 2018). Sub-
cellular localization of the proteins was determined using WoLF PSORT (Horton et al. 
2007) and confirmed with SignalP-5.0 (Almagro et al. 2019). Protein weight was 
determined using BioSuite Sequence Manipulation Suite (Stothard 2000) and confirmed 
in SWISS-MODEL (Guex et al. 2009). It was difficult to determine the specific 
subfamily of some of the typical one-cysteine Prx proteins, so the Deacon Active Site 
(Genbank 9nr, Nov 2010 edition) was used to determine the particular subfamily for 
these Prx proteins. The N-terminal mitochondrial sequences in the Prx5 sequences were 
identified using TargetP-2.0 (Almagro et al. 2019). 
Phylogenetic analysis 
 
 The different types of each protein were grouped together for the different 
phylogenetic investigations. Following the example of Wang et al. (2008) and Wang et 
al. (2016) it was deemed prudent to separate the atypical peroxiredoxins (the oxidizing 
and resolving cysteines are on the same subunit) and typical peroxiredoxins (the 
oxidizing and resolving cysteines are on different subunits) as these proteins are 
dissimilar enough that grouping them together makes it difficult for either family to 
resolve properly. 
Multiple sequence alignments were created using CLUSTALW 2.1 in Geneious 
Prime 2020.0, under the following conditions: gap opening=15.0, gap extension= 0.3 and 
using a protein weight matrix of the Gonnet series. Any gaps in the alignments were 
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removed as missing information in a pairwise manner. Amino acid substitutions were 
identified across the key protein domains, and deemed conserved, semiconserved, or 
nonconserved using the NCBI BLOSUM62 database. 
Based on the generated amino acid alignments, ProtTest 2.4 (Oakley et al. 2014) 
was used to determine the most suitable best-fit model to use for each protein family’s 
phylogenetic tree. A Whelan And Goldman model (WAG) was determined to be the most 
suitable for Prx, SOD, and GP. LG was deemed to be the most suitable model for 
catalase. Using these matrices derived from the best fit model, each neighbour joining 
tree was constructed using the PAUP 4.0 b10 (Swofford 2003) program implemented in 
Geneious Prime 9. In order to assess the significance of the branch distribution, a 
bootstrapping value based on 1000 replications was generated for each alignment. 
2.6 Results 
Ten genes of interest were identified in the mountain pine beetle genome (Table 
2.2). Both mountain pine beetle GPx proteins were cytosolic and roughly the same size, 
differing at only a few amino acids. There was no information on NCBI about the number 
of exons present for either of the mountain pine beetle’s GPx proteins, but all of the other 
proteins contained multiple exons. Two of the peroxiredoxin genes were assigned to the 
Prx6 subfamily, so one was labeled Prx6a (extracellular) and the other Prx6b (cytosolic). 
One mountain pine beetle SOD (AEE61971) was found to contain a copper chaperone 
domain (CCS) resulting in the relabeling of this protein from a SOD to a SOD-CCS to 
highlight the differing function of this enzyme (Table 2.2). Due to this reclassification, 
the mountain pine beetle SOD-CCS was not included in any phylogenetic analyses with 
the mountain pine beetle SOD proteins. 
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Table 2.2 - Primary oxidative stress proteins of Dendroctonus ponderosae and their key 
features. Information includes accession numbers, number of base pairs in their 
associated gene, number of base pairs in the open reading frame of their associated gene, 
number of exons, number of amino acids, weight in kiloDaltons, and subcellular 
localization. Nd is used to indicate unknown information. C is used to indicate protein 
found in the cytoplasm, E is used to indicate a protein found in the extracellular matrix, 

















SOD1 AEE63298 887 263 2 152 15.57 C 
SOD3 AEE63612 2107 285 5 204 21.05 E 
SOD-
CCS 
AEE61971 2917 324 4 231 24.63 C 
Prx1 AEE61832 1157 571 3 195 21.57 C 
Prx5 AEE62552 1059 369 4 122 13.42 M 
Prx6a AEE61766 1141 813 4 270 26.48 E 
Prx6b AEE62426 1280 195 4 64 7.58 C 
GPx1 AEE61713 723 504 nd 167 19.09 C 
GPx2 AEE61775 930 504 nd 167 18.89 C 
CAT AEE61710 1649 1536 8 511 58.6 C 
 
Figure 2.1 is an alignment of the different insect catalase sequences. The 
alignment shows a high degree of conservation among the three catalytic amino acids, 
with no variation occurring. Although the heme ligand binding 
(F*RERI*ERVVHAKGAG) and active site motifs (R*F*YAD*H) also showed a high 
degree of conservation, there was variation in the heme ligand-binding motif at the 
second amino acid in the motif (the 65th site in the alignment). At this position there 
appears to be a conservative replacement between the hymenopterans (both species), 
Asian longhorn beetle, and mountain pine beetle, which contained an asparagine residue, 
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with the remaining sequences that contained aspartic acid. Within the active site motif 
there was more variation between the insect catalases. However, the mountain pine beetle 













Figure 2.1 - Alignment for catalase sequences from Dendroctonus ponderosae (DP), 
Drosophila melanogaster (DM), Bombyx mori (BM), Bicyclus anynana (BA), Tribolium 
castaneum (TC), Apis mellifera (AM), Pseudomyrmex gracilis (PG), Anopheles gambiae 
(Aga), and Anoplophora glabripennis (AG). The heme-ligand binding motif 
(F*RERI*ERVVHAKGAGA) and the active site (R*F*YADT) are highlighted in a 
black box. The three catalytic amino acids are identified with red letters above their 







The phylogenetic analysis of catalase showed the proteins separated based on 
order (Figure 2.2). Mountain pine beetle catalase was most similar to that of Asian long 
horn beetle (Figure 2.2). As the lowest bootstrapping value was 73, these groupings have 
relatively high statistical support. 
 
 
Figure 2.2 - Neighbour-joining tree of insect catalase sequences: Dendroctonus 
ponderosae (DP), Drosophila melanogaster (DM), Bombyx mori (BM), Bicyclus 
anynana (BA), Tribolium castaneum (TC), Apis mellifera (AM), Pseudomyrmex gracilis 
(PG), Anopheles gambiae (AGa), and Anoplophora glabripennis (AG). The tree was 
constructed using the distance matrix based on the LG model derived from catalase 
amino acid sequences obtained from NCBI. The tree was prepared using Geneious Prime. 
The GenBank accession number is displayed for each sequence and the bolded values 
above each node represent the bootstrap support, and the values below each branch 
indicate branch length. 
 
 Comparison of insect glutathione peroxidase amino acid sequences showed that 
there were some amino acid differences within the three conserved glutathione 
peroxidase domains (Figure 2.3). The most notable of these was in the domain closest to 
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the N-terminus where both mountain pine beetle GPx’s had a lysine substitution. Many of 
the other species also had a lysine at this site, but the four other coleopteran GPx proteins 
had a glutamine (Figure 2.3).  
 
Figure 2.3 - Alignments for glutathione peroxidase sequences from Dendroctonus 
ponderosae (DP), Drosophila melanogaster (DM), Bombyx mori (BM), Bicyclus 
anynana (BA), Tribolium castaneum (TC), Apis mellifera (AM), Pseudomyrmex gracilis 
(PG), Anopheles gambiae (AGa), and Anoplophora glabripennis (AG). The conserved 
glutathione peroxidase domains (A, B, and C respectively) are highlighted in hollow 
black boxes (Jiu et al. 2015). 
 
Phylogenetic analysis of insect glutathione peroxidases showed that when both 
were present, the GPx1 and GPx2 sequences formed a species-specific cluster (Figure 
2.4). An exception was the  Asian longhorn beetle where a species-specific clade did not 
form. Asian longhorn beetle did still group with the rest of the coleopterans, forming a 
distinct clade, the rest of the insects sequences also grouped together based on order. The 
mountain pine beetle clade was basal to the other coleopterans. That said, the bootstrap 




Figure 2.4 - Neighbour-joining tree of insect glutathione peroxidase sequences 
Dendroctonus ponderosae (DP), Drosophila melanogaster (DM), Bombyx mori (BM), 
Bicyclus anynana (BA), Tribolium castaneum (TC), Apis mellifera (AM), Pseudomyrmex 
gracilis (PG), Anopheles gambiae (AGa), and Anoplophora glabripennis (AG). The tree 
was constructed using the distance matrix based on the Whelan and Goldman (WAG) 
model from glutathione peroxidase amino acid sequences obtained from NCBI. The tree 
was prepared using Geneious Prime. The tree was prepared using Geneious Prime. The 
GenBank accession number is displayed for each sequence and the bolded values above 
each node represent the bootstrap support, and the values below each branch indicate 
branch length. 
 
 The alignment of insect SODs did showcase some variability within the 
conserved SOD domains (Figure 2.5). DP SOD1 had an amino that differed from the 
consensus in each of those domains, but overall, DPSOD3 contained more substitutions 





Figure 2.5 - Alignments for superoxide dismutase sequences from Dendroctonus 
ponderosae (DP), Drosophila melanogaster (DM), Bombyx mori (BM), Bicyclus anynana 
(BA), Tribolium castaneum (TC), Apis mellifera (AM), Pseudomyrmex gracilis (PG), 
Anopheles gambiae (AGa), and Anoplophora glabripennis (AG). Conserved superoxide 
dismutase domains are highlighted in a black box. Amino acids involved in zinc and 
copper binding are identified with red letters above their locations, labeled with a Z or a 
C, respectively. The amino acids identified with a red S are involved in disulphide 
formation (Parker et al. 2004). 
 
The phylogeny of insect SOD’s showed a distinction between the SOD1 and 
SOD3 groups, with each forming a separate monophyletic clade (Figure 2.6). Generally, 
the proteins separated based on order. The main exception being African malarial 
mosquito SOD1, which was basal to the rest of the proteins. The mountain pine beetle 
C C S S Z
S S
S S
Z    Z Z SSC
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isoforms of each protein showed the most similarity with the respective Asian longhorn 
beetle isoforms. There was a high degree of bootstrap support associated with the branch 
order of the SOD3 clade (97) but not with the SOD1 clade (32). The bootstrap support 
within each clade was low. 
 
Figure 2.6 - Neighbour-joining tree of insect superoxide dismutase sequences 
Dendroctonus ponderosae (DP), Drosophila melanogaster (DM), Bombyx mori (BM), 
Bicyclus anynana (BA), Tribolium castaneum (TC), Apis mellifera (AM), Pseudomyrmex 
gracilis (PG), Anopheles gambiae (AGa), and Anoplophora glabripennis (AG). The tree 
was constructed using the distance matrix based on the Whelan and Goldman (WAG) 
model derived from superoxide dismutase amino acid sequences obtained from NCBI. 
The tree was prepared using Geneious Prime. The tree was prepared using Geneious 
Prime. The GenBank accession number is displayed for each sequence and the bolded 
values above each node represent the bootstrap support, and the values below each 
branch indicate branch length. 
 
Comparison of the Prx amino acid sequences showed that the GGLG and YF 
hyperoxidation motifs were only present in the Prx1 sequences (Figure 2.7). However, 
the mountain pine beetle Prx1 sequence was the only Prx sequence that did not contain 
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the traditional YF motif, but instead underwent an amino acid substitution resulting in a 
FF motif. Hypersensitivity motif A was present also present in only the Prx1 sequences, 
excluding the fruit fly Prx sequence. Hyperoxidation motif B was not present in any of 








Figure 2.7 - Alignments for peroxiredoxin  1 and peroxiredoxin 6 sequences from 
Dendroctonus ponderosae (DP), Drosophila melanogaster (DM), Bombyx mori (BM), 
Bicyclus anynana (BA), Tribolium castaneum (TC), Apis mellifera (AM), Pseudomyrmex 
gracilis (PG), Anopheles gambiae (AGa), and Anoplophora glabripennis (AG). The YF 
and GGLG hypersensitivity motifs are identified with red letters above their locations. 
The locations of hypersensitivity motifs A (D-X8-N/G-X10-H-X27-S/G) and B (T-X3-S/T) 









The different Prx1 and Prx6 proteins form distinct phylogenetic groups based on 
protein type rather than species (Figure 2.8). For each protein type, the proteins formed 
species-specific clades, with the exception of the Prx1 group where the Asian longhorn 
beetle’s sequence is basal to the rest of the Prx1 sequences. The branch order of each of 
the Prx6b, Prx6a, and Prx1 clades indicated a high degree of bootstrap support at 96, 78, 







Figure 2.8 - Neighbour-joining tree of insect peroxiredoxin sequences Dendroctonus 
ponderosae (DP), Drosophila melanogaster (DM), Bombyx mori (BM), Bicyclus anynana 
(BA), Tribolium castaneum (TC), Apis mellifera (AM), Pseudomyrmex gracilis (PG), 
Anopheles gambiae (AGa), and Anoplophora glabripennis (AG). The tree was 
constructed using the distance matrix based on the Whelan and Goldman (WAG) model 
derived from peroxiredoxin amino acid sequences obtained from NCBI. The tree was 
prepared using Geneious Prime. The GenBank accession number is displayed for each 
sequence and the bolded values above each node represent the bootstrap support, and the 
values below each branch indicate branch length. 
 
Among the Prx5 proteins, there was some variability in the composition and 






target sequence at their C-terminal (Figure 2.9). The conserved active site residues 
showed no variation among the different sequences. 
 
 
Figure 2.9 - Alignments for peroxiredoxin 5 sequences from Dendroctonus ponderosae 
(DP), Drosophila melanogaster (DM), Bombyx mori (BM), Bicyclus anynana (BA), 
Tribolium castaneum (TC), Apis mellifera (AM), Pseudomyrmex gracilis (PG), 
Anopheles gambiae (AGa), and Anoplophora glabripennis (AG). Predicted mitochondrial 
presequences are highlighted in the hollow boxes and conserved active site residues are 
marked with a red letter (Cox et al. 2010). 
 
The Prx5 proteins separated based on species, except for both of the Prx5 proteins 
from the Dipterans, which displayed more of a ladderlike structure, but formed a general 
monophyletic clade with the Lepidopteran proteins. The coleopteran and hymenopteran 
clades demonstrated a high degree of bootstrap support with 100 and 91 respectively, but 








Figure 2.10 - Neighbour-joining tree of insect peroxiredoxin 5 sequences Dendroctonus 
ponderosae (DP), Drosophila melanogaster (DM), Bombyx mori (BM), Bicyclus anynana 
(BA), Tribolium castaneum (TC), Apis mellifera (AM), Pseudomyrmex gracilis (PG), 
Anopheles gambiae (AGa), and Anoplophora glabripennis (AG). The tree was 
constructed using the distance matrix based on the Whelan and Goldman (WAG) model 
derived from peroxiredoxin 5 amino acid sequences obtained from NCBI. The tree was 
prepared using Geneious Prime. The GenBank accession number is displayed for each 
sequence and the bolded values above each node represent the bootstrap support, and the 
values below each branch indicate branch length. 
 
2.7 Discussion  
 In this study, I conducted a comparative and phylogenetic analysis of the 
mountain pine beetle oxidative stress proteins. Some of the trees that I generated resolved 
based on insect order, with Dipterans and Lepidopterans typically grouping together and 
separately from the Coleopterans and Hymenopterans. These findings suggest that the 
evolution of these antioxidant proteins parallel the species evolution and that these 
proteins have an important conserved function (Misof et al. 2014). Misof et al. (2014) 
conducted phylogenetic analyses on 1478 protein-coding insect genes, looking at both 
nucleotide and amino acid sequences. From their generated trees, they proposed that 
Hymenopterans first evolved during the Permian period with the Coleopterans appearing 
shortly after. The Lepidopterans and Dipterans did not appear until the Triassic; 
therefore, these two orders are more closely related to each other than to Coleoptera or 
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Hymenoptera. A configuration that supports this hypothesis was observed in the trees for 
catalase, SOD, Prx5, and Prx6b. 
Mountain pine beetle catalase, SOD, and Prx6b also demonstrated the greatest 
similarity to their respective Asian longhorn beetle counterparts. The similarity between 
the mountain pine beetle and Asian longhorn isoforms for each of these proteins was 
supported by both high bootstrap values and similar branch lengths.  The exception was 
SOD1 which had a lower bootstrap value of 32. Catalase and SOD are two of the primary 
proteins involved in free radical breakdown; therefore, the fact that these proteins show 
the most similarity to the Asian longhorn beetle homolog is not surprising in that the two 
insects do share a common life history, with the majority of their development occurring 
under the bark of trees (Faccoli et al. 2014). As a result, they would both require key 
antioxidant proteins like SOD and catalase to function similarly to mitigate the defensive 
chemicals of their respective host trees.  
DPPrx1, DPPrx5, and DPPrx6a did not group with their counterparts from Asian 
longhorn beetle, and with the exception of Prx6a, these groupings had high bootstrap 
support. This could potentially be attributed to the diversity in function that has been 
described within peroxiredoxin proteins (Bolduc et al. 2018). Peroxiredoxins have been 
found to play many roles in addition to reducing oxidative stress. Therefore, they may 
serve different physiological roles in mountain pine beetles and Asian longhorn beetles, 
despite the similar environments these organisms share. In particular, this could be the 
case for mountain pine beetle Prx1 as it did contain a variation of the YF hypersensitivity 
motif, which will be further discussed in Chapter 3. As previously discussed, 
hyperoxidized peroxiredoxin has been found to act as a cellular signal. Therefore, the 
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presence of this motif in mountain pine beetle and not in Asian longhorn beetle supports 
that Prx1 may play a more multifaceted role in the mountain pine beetle or the Asian 
longhorn beetle.  
Regarding catalase, there is only one isoform of this protein present in most 
organisms, and it is regarded as one of the primary proteins involved in the mitigation of 
H2O2 (Nandi et al. 2019). Consequently, it is especially true that the respective mountain 
pine beetle and Asian longhorn beetle catalases would need to function similarly to 
manage the similar environments both organisms inhabit. This was reflected in the amino 
acid alignment of these two proteins, where among key amino acid residues, variation 
was only seen for two residues (Figure 2.1). Within the Heme ligand-binding motif, 
mountain pine beetles and Asian longhorns showed variation when compared to the other 
sequences, but even then they both contained identical conserved aspartic acid to 
asparagine substitutions. Massoumi-Alamouti et al. (2014) looked at specific genes 
coding for detoxification proteins in several pine pathogen species  found within the 
genus Grossmania. Their findings supported that species adapted to a particular pine tree 
shared certain gene variants, which could be reflective of the specific pine chemistries 
they are exposed to. As supported by the work done by Massoumi-Alamouti et al. (2014), 
the presence of these identical substitutions in the catalase sequences of both mountain 
pine beetle and Asian longhorn beetle could be due to the shared selective pressures each 
of these beetles’ experiences within their associated host trees. This sequence similarity 
supports that the proteins would function similarly under oxidative stress conditions. 
Mountain pine beetle catalase is the largest of its primary oxidative stress 
proteins. A reason for the dramatic size difference between catalase and the other 
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oxidative stress proteins that perform a similar role, is that the catalase gene is believed to 
have initially evolved from a duplication mutation within the Cu/Zn-SOD gene, resulting 
in a larger gene and gene product (Corona and Robinson 2006)(Table 2.1). Originally, 
catalase was considered to be the sole scavenger of H2O2 in insects. This was attributed to 
the reduced number of insect glutathione peroxidases that had been identified 
(Yamamoto et al. 2005). However, despite that the number of identified glutathione 
peroxidase isoforms in insects is reduced, these proteins in addition to peroxiredoxins  
have been identified within most insect orders,  so catalase no longer has the distinction 
of being regarded as the sole H2O2 scavenger in insects (Yamamoto et al. 2005).  
All of the trees containing different protein isoforms demonstrated the formation 
of distinct clades based on the specific protein isoform, with the exception of the GPx 
tree. Instead, the GPx tree demonstrated distinct clustering by species when both GPx1 
and GPx2 sequences were present (Figure 2.4). This species grouping perhaps is 
indicative of functional diversification of the different GPx proteins that would have 
occurred after the species diverged from one another.  
Wang et al. (2001) studied the antioxidant systems of insect species and found 
that GPx activity was generally highly reduced. This could potentially account for our 
inability to generate so many GPx2 orthologs. Aside from the elongated twig ant, the 
coleopterans were the only species to have both GPx1 and GPx2. Potentially, the 
duplication event that resulted in both orthologs  may have occurred after the divergence 
of coleoptera from the other insect groups (Wang et al. 2001). In particular, the 
lepidopterans that I examined were found to have a smaller suite of available antioxidant 
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proteins as neither species had extracellular SOD or Prx homologs (Table 2.2). This 
suggests that this insect order may have evolved a different oxidative stress strategy. 
From the mountain pine beetle genome (Keeling et al. 2013), a putative SOD 
protein (AEE61971) was queried against a sequence database to find homologous 
proteins in other organisms. Interestingly all of the matches were identified as copper 
chaperone proteins (CCS) and when these sequences were aligned, this AEE61971 gene 
and its homologous proteins did have some of the conserved SOD domains, but others 
were missing, most notably the zinc binding domains. Based on these findings, it is likely 
that AEE61971 is not actually a SOD protein but actually a copper chaperone for SOD 
(CCS). CCS proteins have some conserved domains associated with SOD proteins, amino 
acid residues involved in copper binding, and an N-terminal heavy metal associated 
domain (Corona & Robinson 2006). The latter feature is unique to these proteins and 
present in the AEE61971 protein. 
The function of the CCS protein is to bring and incorporate the copper cofactor to 
the Cu/Zn SOD as it is folding. The structure of the CCS protein generally mirrors that of 
a Cu/Zn SOD protein – a heterodimer with copper binding residues (Figure 2.5). This 
similarity in structure is believed to facilitate proper recognition, binding, and activation 
between the CCS and SOD proteins (Boyd et al. 2018). As a result, the CCS genes share 
similar sequence similarities with that of SOD proteins. Based on this similarity, when 
the mountain pine beetle draft genome was initially characterized, this gene may have 
been misidentified as a SOD protein.  
Zhang et al. (2017) investigated the SOD proteins of Dastarcus helophoroides 
(Coleoptera: Bothrideridae) and found two distinct groups consistent with the 
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intracellular SOD1 and extracellular SOD3 groups. This distribution is consistent with 
the SOD phylogenetic tree that I constructed for this study. As discussed by Corona and 
Robinson (2006), this indicates that these proteins evolved independently of one another. 
The general separation between the extracellular SOD3 group and intracellular SOD1 
group is consistent with other studies that have been conducted looking at the phylogeny 
of SOD proteins (Zhang et al. 2017; Corona and Robinson 2006) Based on the branch 
lengths associated with each tree, the extracellular SOD3 family showed less 
diversification in their amino acid sequences than the SOD 1 family. This was surprising, 
as Laukkanen et al. (2015) found that the SOD3 family is directly involved in mediating 
oxidative stress from the environment as well as in cellular signalling, so I was expecting 
a greater degree of variation to be observed within this group, based on the differing 
conditions found within the environments of each organism. 
Due to the general reduction in measurable GPx protein activity in insect cells 
(Wang et al. 2001), the overall evolutionary trend is to see a greater number of 
peroxiredoxin isoforms in insects compared to other organisms. This appears to be the 
case in mountain pine beetle as there are two Prx6 isoforms (an extracellular and 
intracellular variant) in its genome with homologous Prx6 proteins being found in the 
other insect genomes as well. In addition, these proteins often display a higher reactivity, 
carrying out their associated reactions much faster (Wang et al. 2016). Consistent with 
the work done by Wang et al. (2016) looking at silk moth peroxiredoxin proteins, the 
typical one-cysteine peroxiredoxins (Prx6), and the typical two-cysteine peroxiredoxins 
(Prx1) formed distinct groups, with the latter group containing the conserved FVCP and 
EVCP regions characteristic of these families (Figure 2.7; Figure 2.8). Corona and 
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Robinson (2006) phylogenetically compared honeybee peroxiredoxins to other 
invertebrates and vertebrates and also found that the proteins separated based on the 
specific protein homolog rather than species and suggest  that these peroxiredoxin 
families may have diverged prior to the speciation of invertebrates and vertebrates. This 
conclusion is further supported by the distribution of the peroxiredoxin tree in Figure 2.8. 
Some Prx5 proteins have a peroxisomal SQL sequence near their C-terminus, 
such as PMP20 from Candida boidinii (a species of yeast). The presence of this sequence 
can result in the peroxiredoxin being localized to the mitochondria or the peroxisomes. 
All the Prx5 sequences investigated in this study had a mitochondrial leader sequence and 
lacked an SQL peroxisomal sequence, supporting that these proteins are exclusively 
mitochondrial (Knoops et al. 2011). With Prx5 located within the mitochondria, its 
origins are likely bacterial having been incorporated into the eukaryote genome around 
the same time that the mitochondrion was also incorporated into the eukaryote cell 
(Djuika et al. 2015, Wang et al. 2016).  
In addition to mediating oxidative stress from H2O2, the hyperoxidized form of 
some peroxiredoxins have been found to play an important role in cellular signalling. In 
general, the typical two-cysteine peroxiredoxins are more susceptible to hyperoxidation 
than the atypical or typical one-cysteine peroxiredoxins. The YF and GGLG motifs have 
long been supported to increase susceptibility of peroxiredoxins to hypersensitivity in 
Prx1 proteins (Wood et al. 2003). Consistent with the current knowledge on these motifs, 
none of the typical or atypical peroxiredoxins from mountain pine beetle contained these 
motifs. All of the insect Prx1 proteins did have the GGLG motif. They all also had the 
YF motif except for the Prx1 from mountain pine beetle. In this protein the tyrosine in the 
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motif was substituted with a phenylalanine, making it FF instead of YF. A previous study 
by Schneider et al. (2008) found that substituting a phenylalanine with a tyrosine in the 
active site of a fructose-6-phosphate aldolase protein resulted in a >70 fold increase in 
protein activity when compared to the wild type. This substitution` in such a key 
regulatory domain of the DPPrx1 protein, could have a considerable impact on the 
susceptibility of that protein to hyperoxidation (Figure 2.7). 
 Recently Bolduc et al. (2018) identified two novel motifs that drastically impact 
the overall sensitivity of 2-cysteine Prx proteins to hypersensitivity: Motif A and Motif B. 
It was found that in human and bacterial Prx proteins the different combinations of the 
four motifs could have considerable impacts on the overall hypersensitivity of the 
protein. Despite being present in bacterial and human Prx proteins, motif B has not been 
identified in any of the other insect sequences. Bolduc et al. (2018) compared the relative 
hypersensitivity of 2-cysteine Prx proteins with varying combinations of these 
hypersensitivity motifs. However, they did not look at the reactivity of a peroxiredoxin 
with just GGLG and Motif A. Therefore, mountain pine beetle Prx1 could offer a unique 
opportunity to further expand on how these domains impact overall reactivity, 
particularly when the modified YF motif is also taken into account. 
2.8 Conclusions and Future Directions 
In this study I examined the sequence structure and phylogenetic relationships of 
the primary oxidative stress proteins of the mountain pine beetle, which to my knowledge  
has previously not been done for a species of bark beetle. Overall, I found that the key 
components of the antioxidant system in insects are also conserved in the mountain pine 
beetle. By examining the sequence structure of these genes, it allowed for any unique 
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features in the mountain pine beetle oxidative stress proteins to be identified. One of the 
most notable differences was that the mountain pine beetle was the only insect to have its 
Prx1 containing a FF instead of the conserved YF. A mutation in such a key regulatory 
motif could have critical impacts on the functionality of this protein and could be 
indicative of the unique life history of the mountain pine beetle compared to the other 




Chapter 3: Functional Characterization of DPPRx1 and DPSOD1 
3.1 Introduction 
Reactive oxygen species (ROS), including the superoxide anion (O2-) and 
hydrogen peroxide (H2O2) are considered primary lines of chemical defense in pine trees 
(Li et al. 2016). ROS are produced by trees as defensive compounds and are by-products 
of lignin breakdown during mountain pine beetle colonization (Birben et al. 2012). These 
molecules can be incredibly harmful as they can damage lipids, protein, and DNA. 
Therefore, mitigating ROS damage is essential to mountain pine beetle survival during 
colonization of pine trees. To my knowledge, no studies have been performed on the 
function of oxidative stress proteins in bark beetles. The mountain pine beetle has a 
number of oxidative stress proteins, including catalase, glutathione peroxidase, 
peroxiredoxin and superoxide dismutase, many of which showed upregulation during 
host colonization (Pitt et al. 2014; Robert et al. 2013). I was able to generate sufficient 
quantities of heterologously expressed mountain pine beetle peroxiredoxin-1 (DPPrx1) 
and superoxide dismutase-1 (DPSOD1), for functional characterization. SOD is essential 
as it is one of the only proteins able to breakdown the superoxide free radical (O2-) and 
peroxiredoxin performs a variety of vital antioxidant and signal transduction roles 
(Tasaki et al. 2018; Winterbourn 2008). 
One recent study by Li et al. (2016) investigated the role of a typical 2-cysteine 
peroxiredoxin (BxPrx) in the pine wood nematode, Bursaphelenchus xylophilus. Like the 
mountain pine beetle, pine wood nematodes feed on the parenchymal cells of pine 
species, and their population has reached epidemic levels in some regions, drastically 
impacting pine forests across Asia and Europe. In addition, under infestation conditions, 
Li et al. (2016) found that BxPrx expression was elevated, similar to the increased 
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expression of DPPrx1. The pine wood nematode is responsible for the pine wilt disease, 
which has had considerable ecological and economic impacts on Asian and European 
pine stands. A previous study found that 2-cysteine peroxiredoxin proteins are 
overexpressed in C. elegans (parasitic nematode), as they play a critical role in the 
breakdown of free radicals produced both metabolically within the nematode and as an 
immune response by the host organism (McGonigle et al. 1998). Although Li et al. 
(2016) did not determine a rate constant for BxPrx, they were able to assess its activity 
using a metal catalyzed oxidation (MCO) system, which assays for the ability of 
peroxiredoxins to prevent DNA degradation by H2O2, and via disc assays, which compare 
the survival rate of bacterial cells grown in high concentrations of H2O2 when BxPrx is 
present and when it is absent. They found that BxPrx has a high antioxidant activity, 
indicating that it likely plays a role in mitigating the damage from free radicals that build 
up during host colonization. 
To date there has been no attempt to characterize the activity of any bark beetle 
peroxiredoxins. That said, Zhang and Lu (2015) looked at the antioxidant functions of an 
atypical peroxiredoxin (BMPrx5) from Bombyx mori (silk moth). Using quantitative real 
time PCR, they found that BMPrx5 was upregulated in the haemocytes of the silk moth 
under conditions triggering oxidative stress (i.e. bacterial infection and H2O2 injection). 
This response is consistent with the work done by Pitt et al. (2014) and Robert et al. 
(2013) who observed the upregulation of these genes in the transcriptome and proteome, 
respectively, of the mountain pine beetle under detoxification conditions. Using a 
combination of approaches that include an MCO system, disc diffusion, and viability 
assays (which also evaluates the bacterial survival when grown in high H2O2 
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concentrations), it was confirmed that silk moth peroxiredoxin displays considerable 
antioxidant functions (Zhang and Lu 2015). However, the authors did not characterize 
BMPrx5 by determining rate constants or pKa values.  
Based on these findings it is proposed that the physiological purpose of DPPx1 
are to mitigate the damaging impacts of H2O2 through the cysteine residues within the 
active site of the protein having a high oxidizing tendency. However, the three-
dimensional structure of DPPx1 and its active site can greatly influence its overall 
activity and oxidizing potential. Similar to the previously described studies, the general 
affinity of DPPx1 for H2O2 can also be confirmed using a MCO system, but in order to 
gain a more in depth understand of the physiological role of DPPrx1 and its affinity for 
H2O2, a rate constant must be determined for its reaction with H2O2 (Nelson et al. 2008). 
Rate constant determination 
 A competition-based assay with horseradish peroxidase is a relatively 
straightforward and affordable approach to generate a second order rate constant for a 
peroxiredoxin with H2O2 (Nelson and Parsonage 2011). Horseradish peroxidase (HRP) 
reacts with hydrogen peroxide (H2O2) resulting in an oxidized form of HRP called HRP 
compound 1, which absorbs less light at 403 nm compared to unreacted HRP. 
Peroxiredoxin has a higher affinity for H2O2 than horseradish peroxidase (HRP), as a 
result there is a reduction in the net decrease in absorbance at 403 nm (from HRP 
compound 1 formation) when a functional peroxiredoxin is present in a solution 
containing horseradish peroxidase and H2O2. This allows for the fractional HRP 
inhibition to be calculated because it is proportional to the concentrations of 
peroxiredoxin in the reaction mix (Ogusucu et al. 2007). 
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Originally, rate constants for this reaction were acquired using steady state 
kinetics (kcat/kM). Using this approach, the rate constants for the typical 2-cysteine 
peroxiredoxins, Tsa1 and Tsa2 from Saccharomyces cerevisiae, were determined to be 
104 to 105 M−1s−1, respectively (Park et al. 2000). This was surprising because for a 
protein that appears to be as essential as peroxiredoxin, it is expected that it would react 
more rapidly with its substrate and have a second order rate constant that is larger than 
105 M−1s−1. However, using the horseradish competition assay, Ogusucu et al. (2007) 
measured rate constants that were two orders of magnitude larger than originally 
reported. These findings were further supported by kinetic approaches performed in a 
stopped-flow instrument, indicating that the horseradish competition assay garnered a 
more accurate rate constant than the steady state kinetic approach previously employed. 
Therefore, I used a horseradish competition assay to determine rate constants for DPPrx1 
because of its accuracy and its ease of implementation. Due to DPPrx1’s seemingly 
important role during detoxification, based on transcriptomic and proteomic data, it was 
suspected that the generated rate constant would be close to the value of 107 M−1s−1 
(Ogusucu et al. 2007). 
pKa determination 
 The second order rate constant of horseradish peroxidase with H2O2 is pH 
independent from pH 4.5 to 7.0, which makes the horseradish peroxidase competition 
assay a useful tool for determining the pKa of the active site of a peroxiredoxin protein, as 
it allows for a range of pH values to be tested (Dunford 1999; Job et al. 1978). This pKa 
value should be indicative of the pKa value of the oxidizing cysteine (CP); whereas, the 
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pKa of the resolving cysteine (CR) should be more comparable to that of a free cysteine 
group (pKa=8.4) (Ogusucu et al. 2007). 
Sensitivity to Hyperoxidation 
A physiologically important aspect of DPPx1 could be its potential role as a 
molecular signal. As discussed in Chapter 2, DPPx1 is a cytosolic homodimer, with each 
monomer containing a CP and a CR. It is critical to the catalytic function of 2-cysteine 
peroxiredoxin that the Cp is quickly deprotonated at the neutral pH of the cytosol, becoming 
a thiolate (CPS-). Therefore, the pKa of Cp is relatively low compared to that of free 
cysteines (Nelson et al. 2008). This thiolate has a high affinity for reacting with H2O2, to 
become a sulfenic acid (CPSOH). Condensation then occurs between the sulfenic acid and 
the resolving cysteine (SR), forming a disulfide linkage. Therefore, each peroxiredoxin 
protein is able to form two disulfide linkages and reduce four H2O2 molecules. The 
homodimer will eventually be reduced via disulfide exchange facilitated by the 
thioredoxin-thioredoxin reductase system (Ledgerwood et al. 2017). 
However, when free radical concentrations are high the sulfenic acid can be 
further oxidized to form a sulfinic acid (CPSO2H) and sulfonic acid (CpSO3H). These 
hyperoxidized states can no longer be reduced by thioredoxin, but sulfiredoxin, an ATP-
dependent enzyme that is much slower, can reduce sulfinic acid. The conversion of the 
thiolate to sulfenic acid is believed to be an irreversible reaction. As hyperoxidized 
peroxiredoxin is catalytically inactive, this eliminates any antioxidant capacity of the 




Figure 3.1 - The reaction mechanism for a typical 2-cysteine peroxiredoxin, adapted from 
Ledgerwood et al. (2017). The homodimer is represented by the yellow and green blocks 
with their respective cysteine residues. The fork in the diagram indicates the two 
pathways that lead to either the disulfide or hyperoxidized state. The reduction pathways 
for each of the oxidized forms and the main enzymes involved are represented by the 
curved arrows. 
 
Initially, the propensity for peroxiredoxin to undergo hyperoxidation under 
extreme oxidative stress seems counterintuitive to the role of an oxidative stress protein. 
However, there is evidence that hyperoxidized peroxiredoxin serves a valuable role as a 
messenger within the greater antioxidant response systems of a cell. In S. cerevisiae, 
thiol-based peroxidases have been found to act as ‘peroxide sensors’, with their 
hyperoxidized forms oxidizing the transcription factor Yap1 (Delaunay 2002). This 
transcription factor regulates the expression of a glutathione peroxidase protein called 



























therefore be more effective at reducing damage from free radicals (Delaunay 2002). A 
similar mechanism happens with Pap1, a homolog of Yap 1, found in 
Schizosaccharomyces pombe (Delaunay 2002). It is regulated by a hyperoxidized 
peroxiredoxin called Tpx1 (Vivancos et al. 2005). Similar mechanisms are also found in 
plants, such as Arabidopsis thaliana, where a 2-cysteine peroxiredoxin was shown to 
regulate the transcriptional activity of Rap24, a transcription factor that was seen to 
upregulate the expression of the plant’s antioxidant defense (Rudnik et al. 2017; Rhee et 
al. 2012). 
As discussed in Chapter 2, there are unique motifs that provide a peroxiredoxin 
molecule with varying degrees of sensitivity to hyperoxidation. Two key motifs that 
convey sensitivity to hyperoxidation are the primary sequences Glycine-Glycine-
Leucine-Glycine (GGLG) located near the middle of the peroxiredoxin active site, and 
Tyrosine-Phenylalanine (YF), located near the C-terminus of the proteins (Figure 3.1). 
These motifs restrict bonding between the sulfenic acid and the resolving cysteine, thus 
leaving the cysteine residues susceptible to the formation of sulfinic and sulfonic acids. It 
is common for the conserved YF sequence to be missing from typical 2-cysteine 
peroxiredoxins, which is the case for DPPrx1 (Kumagai et al. 2009). 
 
Figure 3.2 - Primary protein structure of DPPrx1. Functional cysteines, flanked by a valine 
and a proline (VCP), are boxed in blue. The conserved sensitivity motif GGLG is boxed in 
purple. Hyperoxidation motif A is underlined in red. Sites where a lysine was found in 
place of conserved glycine are highlighted with a *.  
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 Because DPPrx1 is missing the YF motif that is associated with sensitivity to 
hyperoxidation (see Chapter 2) it is likely that the protein may not show susceptibility to 
hyperoxidation. However, Bolduc et al. (2018) did an intensive sequence analysis of 
bacterial and human peroxiredoxins. In addition to the YF and GGLG motifs, they 
identified two novel protein motifs associated with sensitivity to hyperoxidation – Motif 
A (See Figure 3.2) and Motif B (T-X3-S/T). In addition to sequence analysis, Bolduc et 
al. (2018) performed functional analysis on different peroxiredoxins and found it difficult 
to predict how these particular motifs impact catalytic function. 
 Bolduc et al. (2018) found that the peroxiredoxins that displayed the highest 
susceptibility to hyperoxidation were those that contained the GGLG and YF motifs, with 
only either Motif A or Motif B. Consequently, the peroxiredoxins containing both Motif 
A and Motif B showed the greatest resistance to hyperoxidation, regardless of whether 
the GGLG and YF motifs were present. We can infer based on the presence of motif A, 
that the sensitivity of DPPrx1 to hyperoxidation is likely high. However, the presence of 
motif A with GGLG in DPPrx1, is a combination that was not seen by Boluc et al. 
(2018), so the exact effect it will have on hyperoxidation is unknown.   
Another unique aspect of the specific motif A present in DPPrx1 is that in the 
sites where bacterial and human peroxiredoxins have glycines, DPPrx1 has lysines. In 
other proteins that have experienced a mutation resulting in the conversion of a glycine to 
lysine, there is almost always an impact on the overall function, except in cases where the 
amino acids are not located near the active site (Tsuzuki et al. 2003). However, Motif A 
completely overlaps with the active site of DPPrx1 and includes one of its functional 
cysteines (Figure 3.2). Therefore, these mutations could have a considerable impact on 
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both the antioxidant and/or signal transduction functions of DPPrx1 (Haijema et al. 
1996). 
Functional analysis of DPSOD1 
Similar to peroxiredoxin, there is no prior research literature describing the 
activity of Cu/Zn-SOD in bark beetles. However, there have been studies looking at a 
Tribolium castaneum (red flour beetle) SODs (Ferro et al. 2017; Behrens et al. 2014). 
The detoxification system of the red flour beetle is an interesting one in that it the insect 
has experienced extensive selective pressures from insecticide usage. This is similar to 
how the mountain pine beetle has existed alongside the selection pressure context of host 
tree defensive metabolites. Using transcriptomic data collected from red flour beetle 
populations infected by Bacillus thuringiensis, a common bioinsecticide used in 
agriculture, Behrens et al. (2014) determined that oxidative stress proteins experienced 
significant upregulation. Based on this upregulation, red flour beetle SOD, as one of the 
primary oxidative stress proteins, was deemed a suitable selection for functional analysis. 
Ferro et al. (2017) observed that the red flour beetle SOD, when ‘primed’ via exposure to 
Bacillus thuringiensis infection, displayed a distinct increase in SOD activity which was 
determined based on its ability to inhibit nitrolium blue tetrazolium.  
3.2 Research Question 
1) Do the primary oxidative stress proteins (catalase, glutathione peroxidase, 
superoxide dismutase, and peroxiredoxin) of the mountain pine beetle have 




1) Design and optimize a protocol allowing for the expression and purification of 
mountain pine beetle superoxide dismutase 1 and peroxiredoxin 1. 
2) Functionally characterize mountain pine beetle superoxide dismutase 1 by 
performing  a water-soluble tetrazolium (WST-1) salt competition assay to 
determine  how much is required to achieve 50% inhibition of xanthine oxidase 
(IC50). 
3) Determine the pKa and second order rate constant values for mountain pine beetle 
peroxiredoxin 1 by performing a competition-based horseradish peroxidase assay. 
In addition, perform a nonreducing SDS-PAGE to determine the susceptibility of 
mountain pine beetle peroxiredoxin 1 to hyperoxidation. 
3.4 Hypothesis 
1) Based on the unique life history of the mountain pine beetle, their oxidative stress 
proteins will demonstrate unique functional features compared to the oxidative 
stress proteins of other organisms.	
3.5 Materials and Methods 
Entry Clone Construction 
 
ElectroMAX DH10B T1 Phage-Resistant electro-competent cells containing the 
genes of interest were retrieved from a mountain pine beetle cDNA library glycerol stock 
and were grown at 37°C on lysogeny broth (LB) agar plates containing chloramphenicol 
(30 μg/ml). The following day, four colonies were selected and grown overnight at 37°C 
in 5 mL of LB containing chloramphenicol (30μg/ml). Plasmids were extracted using the 
QIAprep ® Spin Miniprep kit (Qiagen). 
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 The Gateway® Cloning ProcedureTM (Invitrogen) was selected to introduce genes 
of interest into One Shot® BL21-AI™ E. coli (Invitrogen) competent cells via the 
plasmid pDEST-17 (Invitrogen) as it employs a single recombination reaction. To insert 
the genes of interest, specific recombination sites (attB sites) that are 25 base pairs long 
are needed to flank the genes. These were incorporated into the primers (Table 3.1) prior 
to polymerase chain reaction (PCR) amplification. Primers for DPPrx1 and DPSOD1 
were designed and purchased from Integrated DNA technologies (Table 3.1).  
Table 3.1 - Cloning primers for DPPrx1 and DPSOD2, ATTB sequences are bolded 
 






PCR reaction conditions were: 3 μL of extracted plasmid, 1X reaction buffer, 0.5 
μL of dNTP’s, 2.5 μM of paired forward and reverse primers (containing attB sites), 
(Table 3.1), 0.25 μL (1.25 units) of Platinum Taq high fidelity DNA polymerase 
(Invitrogen), and 17.75 μL of milliQ-grade water. Reactions (25 μL) were run at 94°C for 
1 minute; followed by 34 cycles of 94°C for 30 seconds, 66°C (DPPrx1) or 69°C 
(DPSOD1) for 30 seconds, and 72°C for 90 seconds; 72°C for 10 minutes.  
PCR product gene sequences were confirmed through restriction digestion 
analysis and dye-terminator Sanger sequencing at the UNBC NALS Genetics Laboratory. 
For the restriction digest, the purified plasmids (1 µg) were mixed with HindIII (1 unit) 
and digested at 37°C for 4 hours, and then run on a 1% agarose gel at 1.5 volts for 1.5 
hours. Upon confirming that proper amplification and cloning had occurred, the 
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Gateway® Cloning Procedure was employed to transfer the plasmid to the One Shot® 
BL21-AI  E. coli expression system (Figure 3.3). 
 
Figure 3.3 - Overview of the LR and BP steps adapted from the Gateway® Technology 
Cloning protocol (2003). 
 
The first step of the Gateway® Cloning Procedure, referred to as the BP reaction, 
is designed to incorporate the gene of interest to a transfer vector (pDONR™) (Figure 
3.3). Depending on the amplicon concentration, which was measured using a Nanodrop 
spectrophotometer, 1–10 μL of the PCR product was mixed with 2 μL of pDONR™ (150 
ng/μL) and 1–9 μL of TE buffer to make a final volume of 10 μL. Lastly, 4 μL of BP 
Clonase™ II (thawed on ice for 2 minutes and vortexed twice for 2 seconds) was added 
to the mixture. The reaction was then incubated at room temperature (~21°C) for 1 hour. 
To stop the reaction Proteinase K (2 mg/mL) was added and the reaction was incubated 
for ten minutes at 37°C.  
The transfer vectors generated during the BP reaction were transformed into 
competent cells. Frozen 50 μL aliquots of TOP10 library efficiency cells (stored at -
























by lightly flicking the closed tube, and left on ice for 30 minutes. The cells were then heat 
shocked in a 42°C water bath for 30 seconds, and the tube was immediately transferred 
back to the ice and left to sit for one minute. SOC medium (450 μL) was added and the 
tube was shaken horizontally at 200 rpm for 1 hour at 37°C. Selection of transformed 
cells relies on the kanamycin resistance gene found in the pDONR™ plasmid. Therefore, 
20 μL and 100 μL of the above cell mix were streaked on LB agar plates containing 
kanamycin (30μg/ml). Plates were incubated overnight at 37°C. From each plate four 
colonies were transferred to 5 mL of LB treated with kanamycin (30μg/ml) and incubated 
at 37°C overnight in a shaker (300 rpm). To confirm that the BP reaction had occurred 
successfully, pDONR™ plasmids were purified using the Qiagen QIAprepâ Spin 
Miniprep Kit and submitted to the UNBC NALS Genetics Laboratory for sequencing. 
The second part of the Gateway® Cloning Procedure is called the LR reaction and 
involves the transfer of the gene of interest from pDONR to the final expression vector 
(pDEST-17) by LR Clonase™ II. The steps of the LR reaction are similar to those of the 
BP reaction but using purified pDONR containing either DPPrx1 or DPSOD in place of 
PCR product (Figure 3.3). For cell transformation steps the BL21-AI™ strain of E. coli 
was used in place of library efficiency cells with ampicillin (30μg/ml) or carbenicillin 
(30μg/ml) instead of kanamycin for selection, as this is the antibiotic pDEST™-17 
confers resistance to. Of the potential expression systems that could have been employed, 
BL21-AI™ cells were selected for their affordability, ease of use, and because they are 
deficient in two key proteases (lon and OmpT) that would otherwise reduce the overall 




In order to optimize the amount of soluble protein produced, different induction 
parameters (e.g. temperature, rotary shaker rpm setting, induction time, and heavy metal 
supplementation) were compared. For DPPRx1, 50 μL of BL21-AI™ cell stock was 
grown overnight and added to a 250 mL Erlenmeyer containing 50 mL of LB growth 
media, and 500 μL of ampicillin (30μg/ml). Cultures were shaken at 300 rpm in a rotary 
shaker-incubator (Shel Lab) at a temperature of 37°C. The tops of the flasks were 
covered with tin foil to allow for air-exchange. After two hours, the optical density (OD) 
at 600 nm was measured using a SmartSpec™ Plus Spectrophotometer (Bio-rad). 
Following the protocol described by Wang et al. (2016), if they reached an OD of 0.4–0.6 
the cultures were induced with 0.4 mM of arabinose. If the desired optical density had not 
yet been reached then the cultures were left to incubate further, and the OD was checked 
every 30 minutes and induced after the desired value was reached. After arabinose 
induction, the cultures were then left to shake and incubate at 300 rpm at 37°C for six 
hours. After the induction was finished, the cultures were aliquoted into both 15 mL 
conical and 1.5 mL microcentrifuge tubes and centrifuged at 13,000 rpm for three 
minutes using a Sorvall Legend Micro 17R centrifuge (Thermo Fisher) and a Sorvall 
Legend XIR centrifuge (Thermo Fisher) respectively. The supernatant was poured off, 
and the cell pellets were stored at -20°C until they were used for further analysis. 
DPSOD1 Induction 
Inductions were performed on the BL21-AI™ cell cultures containing DPSOD1 
in LB growth media but did not result in the production of any soluble protein. Therefore, 
the minimal media induction conditions employed by Asmail (2008) were employed. The 
minimal media was made of 5 g/L glucose, 1 mg/L of biotin, 2 mg/L of thiamin, 1g/L of 
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ammonium sulphate, 0.125% Casamino acids, 25 mM phosphate buffer, 12.5 ng/mL of 
ampicillin, and 0.004% of heavy metal stock solution. Heavy metal stock solution was 
prepared with the following components: 100 mg MoNa2O4•2H2O, 90.4 mg CoCl2• 
6H2O, 35 mg CuSO4• 5H2O, 200 mg MnSO4•H2O, 854.6 mg MgSO4• 7H2O, 250 mg 
ZnSO4• 7H2O, 500 mg CaCl2• 2H2O, 200 mg H3BO3, and FeCl2• 4H2O all mixed in 1 
liter of 1M HCl. The mixtures were stirred overnight with a magnetic stir bar and filtered 
using WhatmanTM  Qualitative filter paper: Grade 1 Circles (GE Healthcare). 50 mL of 
overnight cell culture, grown in LB media, was mixed with 50 mL of minimal media in a 
300 mL Erlenmeyer flask covered with tinfoil and shaken at 37°C at 300 rpm until an OD 
of 0.6–0.8 was reached. At this point, the flasks were put on ice for five minutes and then 
arabinose was added to a final concentration of 0.5 mM. The cultures were then 
incubated at room temperature (~20°C), and mixed with a magnetic stir bar for 18 hours. 
After that, the cultures were both 15 mL falcon and 1.5 mL microcentrifuge ,tubes and 
centrifuged at 13,000 rpm for three minutes. The cultures collected in the 1.5 mL 
microcentrifuge tubes were run on an SDS-PAGE, using NuPAGE™ 4-12% 
Bis/Trispolyacrylamide gels (Invitrogen), to confirm protein presence and size. In 
addition, to assess protein solubility, cultures were centrifuged and SDS-PAGE was 
performed on both the pellet and supernatant. The subsequent purifications and assays 
were performed on the cultures stored in the 15 mL falcon tubes. The resulting 





Pellets from the 15 mL aliquots were resuspended in 1 mL of GE His SpinTrap 
Binding Buffer and 50 μL of 200 mM phenylmethylsulfonyl fluoride (PMSF) and left to 
sit on ice for 30 minutes with regular intervals of stirring using a glass rod. Resuspended 
cell cultures were transferred to precooled 15 mL conical tubes and, while still on ice, 
sonicated using an Model 150T ultrasonic dismembranator (Fisher Scientific). The cell 
suspension was sonicated on ice using intervals of five pulses of 30 second duration on 
output five with a 30 second break in between pulsing cycles. The supernatant containing 
soluble SOD was recovered after sonication by centrifugation at 13,000 x g for 10 
minutes. SDS-PAGE was performed on sub-samples of the pellets and lysates to compare 
levels of soluble and insoluble recombinant SOD produced during induction. The rest of 
the lysate was transferred to a new microcentrifuge tube and used for chromatographic 
purification of SOD after SDS-PAGE confirmation of solubility.  
To assess the size and quantity of the expressed protein, SDS-PAGE was 
performed with NuPAGE™ 4-12% Bis/Trispolyacrylamide gels (Invitrogen) and run for 
1.5 hours at 125 V, under reducing conditions, and run with a 1 Kb protein ladder 
(Thermo Scientific). 
The protein purification protocol was adapted from a general protocols for 
purification with GE Healthcare His SpinTrap column. Before finalizing the purification 
protocol, five different imidazole concentrations were screened for the binding buffer 
conditions: 0 mM, 20 mM, 40 mM, 60 mM, 100 mM, and 300 mM. 20 mM resulted in 
the highest yield, which was also the concentration recommended in the GE purification 
protocol. His SpinTrap columns were inverted and shaken to disperse the medium and 
then centrifuged for 30 seconds at 70 x g. To prime the column, 600 µl of 20 mM binding 
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buffer was added to the column and spun for 30 seconds at 70 x g. 600 µl of lysate was 
applied to the column and incubated at room temperature for 30 minutes to promote 
maximum protein binding before centrifugation at 70 x g for 30 seconds. The column 
was washed with 600 µl of 20 mM binding buffer to remove protein contaminants, and 
then the protein was eluted with 200 µl of 500 mM elution buffer pH 7. This step was 
repeated in a separate tube to collect any remaining protein attached to the column. 
Protein quantification 
I used the Bradford protein assay (Bio-Rad) to quantify the amount of protein 
collected at different steps of the purification. Concentrated bovine serum albumen 
(BSA) was diluted with MilliQ-grade water to prepare BSA standards in the following 
concentrations: 0.0 mg/ml, 0.05 mg/ml, 0.1 mg/ml, 0.2 mg/ml, 0.4 mg/ml, 0.6 mg/ml, 0.8 
mg/ml and 1.0 mg/ml. In a 96 well plate, 250 μL of Quick Start™ Bradford 1X reagent 
(Bio-Rad) was added to each well followed by 10 μL of the appropriate BSA standard or 
purified protein. The contents of each well were mixed by pipetting up and down, with 
care being taken to ensure that no bubbles formed, and then then the absorbance was read 
at 595 nm using a FilterMax F5 Multi-Mode Microplate Reader (Molecular Devices). 
Each Bradford standard and protein sample were run in triplicate. Using the absorbance 
reading from the different BSA standards, a standard curve was generated and could be 




Figure 3.4 – A standard curve generated from BSA standards of differing concentrations 
and their respective absorbance readings at 595 nm. 
 
Metal-catalyzed Oxidation System 
In order to confirm the antioxidant function of DPPrx1, an MCO (metal-catalyzed 
oxidation) system was employed (Latifi et al. 2007). The following protocol was adapted 
from Lim et al. (1993). 10 mM of Dithiothreitol (DTT) and 40 μM of FeCl3 were mixed 
to produce free oxidant radicals (i.e. hydroxyl radical and hydroperoxyl radical species). 
In addition, 20 mM of EDTA was added with varying amounts of DPPrx1 (0–8 μM). The 
final volume for each reaction was 50 μL. Differing volumes of MilliQ-grade water were 
added to each reaction in order to bring the total volume of each reaction to 60 μL. These 
reactions were then incubated at 37°C for one hour in a shaking incubator (300 rpm). 
Plasmid DNA (500ng pUC19) was then added to the reactions and incubated for 4 hours 
at 20°C The impact of the MCO on the structure of the DNA was then analyzed by 
loading 20 μL of each reaction on to a 1% agarose gel which was then electrophoresed at 
100 volts for 30 minutes and 50 volts for one hour (Zhang and Lu 2015). 
 Horseradish peroxidase competition assay for DPPrx1 




























 A 0.5 mM HRP stock solution was prepared by dissolving HRP in 25 mM 
standard Prx buffer, pH 7.0 (25 mM potassium phosphate and 1 mM, EDTA [pH 
7.0])(Nelson and Parsonage 2011). The final concentration of HRP working stock was 
determined by reading the absorbance using a SmartSpec™ Plus Spectrophotometer 
FilterMax F5 Multi-Mode Microplate Reader (Bio-Rad) at 403 nm. As well, a cuvette 
with a 1 cm pathlength and a molar extinction coefficient of 1.02 x 105 M-1cm-1 were 
used. Aliquots were then stored at -80°C. To reduce purified DPPrx1 (active 
conformation), it was mixed with 10mM of dithiothreitol (DTT) and incubated at room 
temperature for 1 hour. From the reduced peroxiredoxin, five different peroxiredoxin 
working stocks were prepared with concentrations of 2 μg/ml, 4 μg/mL, 6 μg/ml, 8 
μg/mL, and 12 μg/mL.  
2.25 μL of HRP stock solution was added to each well of the plate and DPPrx1 
and MilliQ-grade water were then added to achieve the desired final DPPrx1 
concentration and a total reaction volume of 150 μL. The reactions for each concentration 
was run in triplicate. To initiate the reaction between HRP and H2O2 , 10 μL of 45 μM 
H2O2 was added to  each  well of the plate. Due to the instability of compound 1, the 
absorbance at 403 nm was then measured within 30 seconds of adding H2O2 in order to 
determine the extent to which HRP compound 1 had formed. The mixture was pipetted 
up and down and care was taken to prevent the formation of bubbles and the absorbance 
at 403 nm was recorded (Nelson and Parsonage 2011). 
DPPrx1 rate constant calculation  
The proportion of H2O2 reacting with horseradish peroxidase was determined 
from the initial observed absorbance (ΔAobvs) reading at 403 nm. The concentration of 
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DPPrx1 is proportional to the difference between that observed absorbance (ΔAobvs) of 
each sample and the maximum change in absorbance (ΔAmax) at 403 nm (ΔAmax -ΔAobvs) 
after adding DPPrx1. The ΔAmax can be calculated from averaging all the absorbance 
readings from the wells containing 0 mg/mL of peroxiredoxin (i.e. no inhibition of the 
HRP H2O2 reaction). Fractional HRP inhibition can then be calculated by the ratio of 
H2O2 reacting with horseradish peroxidase to H2O2 reacting with peroxiredoxin: ([ΔAmax- 
ΔAobvs]/ ΔAobvs). Therefore, based on this formula and the rate equations for 







This equation was reorganized to solve for kPx3, allowing for a k-value to be calculated 




: [(HRP	 HRP)] = 	 [(Px3	 Px3)]	 012 4567	 ) 
The kPx3 values were plotted against the DPPrx1 concentrations and a linear regression 
was performed. The generated slope is equivalent to the second order rate constant for 
DPPrx1. Based on values documented by Nelson et al. (2008), the kHRP used in these 
calculations was 1.8 × 107 M-1 s-.1  
pKa analysis of DPPrx1 
In order to determine the functional pKa of DPPrx1, the HRP competition assay 
was conducted at seven different pH values (4.5, 5, 5.5, 6, 6.5, 7, 7.5) with each 
concentration of DPPrx1 again being run in triplicate. The previously described DPPrx1 
expression protocol was conducted again with purified DPPrx1 eluted and stored in 
elution buffers at each of the desired pH values. To achieve the desired pH values for the 
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elution buffer, pH was measured using a Cyberscan pH 1100/2100 pH calibrator (Eutech 
Instruments) and adjusted using 1M hydrochloric acid (pH 2.1). The only difference in 
the protocol for the horseradish competition assay used for pKa determination was that 
1.8 × 107 M-1 s-1 was only used as the kHRP value for pH values of 5 and higher. For pH 
values less than 5, the kHRP was calculated using equation 3.  
KHRP	 =








The K-values used for these calculations in Equation 3, as recommended by 
Nelson et al. (2008), were K1 = 5.64 X 10-4 and K2 = 1.29 x 10-4. The resulting second 
order rate constants were then plotted against their associated pH values and fitted 
directly to Equation 4 using CurveExpert Professional Software v.2.6.5 (Hyams 2018).  
Y =
[ A x 10 pH)+  B x 10pKa)]
10pKa + 10pH
  012 4567	 ) 
 In Equation 4, A indicates the upper plateau from the plotted data associated with 
the higher pH values, and B is the lower plateau from the plotted data associated with the 
lower pH values. Y corresponds to the ε240 and was calculated from the amount of protein 
in solution as described using the Bradford assay (Nelson et al. 2008). The HRP 
competition assay was conducted three times at each of the pH values being investigated, 
with the exception of pH 4.5 (run once), pH 5 (run in duplicate), and pH 7.5 (run in 
duplicate) where it was difficult to generate enough protein yield to run the assays in 
triplicate. 
DPPrx1 Hyperoxidation analyses 
 To determine whether the conformation of reduced DPPrx1 changed when 
exposed to higher concentrations of H2O2, a SDS-PAGE was performed under 
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nonreducing conditions. First DPPrx1 was reduced with 10mM of dithiothreitol (DTT) 
and incubated at room temperature for 1 hour. Nine 5 μM aliquots of DPPrx1 were 
prepared and each was mixed with a different concentration of H2O2 ranging from 0–0.96 
mM. These reactions were then mixed with 20-40 μL of SDS loading buffer (Laemmeli’s 
solution) and boiled for ten minutes and then run on 4-12% bis/trispolyacrylamide gels 
for 1.5 hours at 125 V (Peskin et al. 2013).  
Xanthine Oxidase SOD Assay 
 
In order to functionally characterize DPSOD1, a water-soluble tetrazolium (WST-1) 
salt competition assay with xanthine oxidase and tetrazolium was conducted using the 
WST-1 SOD assay kit (Sigma-Aldrich), scaled for microplate readers. Bovine SOD 
standards were prepared using superoxide dismutase from bovine erythrocytes () in the 
following concentrations: 200 U/mL, 100 U/ml, 50 U/mL, 20 U/mL, 10 U/mL, 5 U/mL, 1 
U/mL, 0.1 U/mL, 0.05 U/mL, 0.01 U/mL, and 0.001 U/mL. An enzyme working solution 
containing xanthine oxidase, was prepared by diluting 15 µL of enzyme stock solution 
with 2.5 mL of dilution buffer. Both solutions were included with the Sigma-Aldrich kit. 
WST working solution was also prepared by diluting 1 mL working stock solution in 19 
mL of dilution buffer. Both the enzyme working solution and working solution were 
stored for long-term use (up to one month) at -20°C and 4°C respectively. 
The DPSOD1 assay and the subsequent inhibition rate (%) calculations were 
conducted using the protocol provided with the WST-1 plate SOD assay kit (Sigma-
Aldrich). The components of the sample, standard and blank solutions were made as 
described in Table 2 using a multichannel pipette and all were run in triplicate. 
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Absorbance readings at 560 nm were obtained using a FilterMax F5 Multi-Mode 
Microplate Reader.  
Table 3.2 - The proportion and type of reagent in each SOD sample and blank in the 
Sigma-Aldrich WST-1 plate assay 
 
 Sample Blank 1 Blank 2 Blank 3 
Sample solution 20 µL – 20 µL – 
ddH2O – 20 µL – 20 µL 
WST working solution 200 µL 200 µL 200 µL 200 µL 
Enzyme working solution 20 µL 20 µL – – 
Dilution buffer – – 20 µL 20 µL 
  
The assay was performed with 1ng, 2ng, 4 ng, 6 ng, and 8 ng of DPSOD1. Each 
concentration was run in triplicate, and the mean percent inhibition for each DPSOD1 
concentration was determined. These mean percent inhibition values were plotted against 
the mass of SOD used, and an exponential curve was fitted to the data using CurveExpert 
Professional Software (Equation 5). 
Y	 = 	a	  	– 	e-bx)  (Equation 5) 
 From these plots the amount of DPSOD1 and bovine SOD that produced 50% 
inhibition of xanthine oxidase (IC50) or one SOD unit was determined. The activity of 
DPSOD1 can then be expressed in terms of its IC50 value or in terms of bovine SOD 
equivalents where the final value is expressed as a ratio of the DPSOD1 IC50 value to the 
Bovine SOD IC50 value (Peskin and Winterbourn 2017). 
3.6 Results 
 DNA cleavage by the metal-catalyzed oxidation system (MCO) 
 
A MCO system was used to establish the antioxidant-based ability of DPRX1 to 
protect DNA from cleavage, in an investigation of the likely physiological role of this 
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protein in the cellular context. The mixture of DTT and Fe3+ produces DNA damaging 
free radicals, which degrade the supercoiled form (SF) of DNA, producing the more 
linear nicked form (NF) (Figure 3.5). The SF form travels further down the gel compared 
to the NF form. If DPPrx3 has antioxidant activity, a brighter SF band should be 
observed in the mixtures with a higher concentration of DPPrx3 compared to those with a 
lower concentration (Zhang and Lu 2015). In the wells with 0 μg/mL of peroxiredoxin, 
there was no distinct lower band visible, only a bright upper band. However, as the 
concentration of DPPrx1 increased the intensity of the upper NF band decreased and the 
intensity of the lower SF band increased as a result of more of the SF form remaining 
intact (Figure 3.5). 
 
 
Figure 3.5 - Antioxidant activity of DPPrx1. DTT and Fe3+ were mixed to generate free 
radicals and incubated for 1 hour for 37°C. Afterwards pUC19 plasmid DNA (500 ng) 
and DPPrx1 in concentrations ranging 0-200 µg/mL were added to the reaction and 
incubated for another 4 hours at 37°C. The resulting reaction mixes were run (100 volts 
for 0.5 hours, followed by 50 volts for 1 hour) on a 1.0% agarose gel stained with 
ethidium bromide. NF and SF indicate the nicked and supercoiled plasmid DNA 
respectively. 
 
Second order rate constant for DPPrx1 
 
To further characterize the enzymatic activity of DPPrx1, a competition assay 
assessing the ability of DPPrx1 to outcompete horseradish peroxidase for H2O2 was 









degree to which HRP compound 1 production was inhibited was first determined by 
measuring the absorbance at 403nm with increasing concentrations of DPPrx1. The 
difference between these values and the end point absorbance at 403 nm for reactions 
containing only HRP and H2O2 was then determined (Figure 3.6; Figure 3.7). 
 
 
Figure 3.6 - Formation of HRP compound 1 in varying concentrations of DPPrx1, as 
determined by the difference obtained by subtracting absorbance at 403nm of H2O2 
reacting with just HRP (∆AObs) and that of H2O2 reacting with HRP in the presence of 
varying concentrations of DPPrx1 (∆Amax-∆AObs). Error bars indicate standard error 









































Figure 3.7 - Determination of second-order rate constant (9.8 x 107 M-1s-1) for the 
reaction of reduced DPPrx1 with H2O2 through competition with horseradish peroxidase. 
The second order rate constants were calculated using Equation 1 and were plotted 
against their associated DPPrx1 concentration and fit by linear regression. Samples were 
run in triplicate with protein from three separate DPPrx1 inductions, and the calculated 
second order rate constants were averaged. The error bars represent standard error. 
 
As the concentration of DPPrx1 increased, the absorbance at 403 nm decreased 
(Figure 3.6). The difference in absorbance before and after DPPrx1 was added and was 
used to calculate the fractional inhibition of each reaction mixture, and a linear regression 
was performed on the plot of fractional inhibition versus DPPrx1 concentration. The 
resulting slope provided a second order rate constant of 9.8 x 107 M-1s-1 for DPPrx1 
(Figure 3.7). 
pKa analysis of DPPrx1 
 To assess the pH dependence of DPPrx1 with H2O2, the HRP competition assay 
was again employed but across a pH range. The resulting second order rate constants 
were plotted against their corresponding pH values (Figure 3.8). 



































Figure 3.8. - Determination of pKa (5.4213) for reduced DPPrx1 with H2O2. Second order 
rate constants for the reaction of H2O2 with DPPrx1 were plotted against the pH in which 
they were generated; data was fit to Equation 2 as described in the methods. The number 
of points at each pH is the number of replicates at that particular pH. 
 
As the pH for the assay increased, the resulting k values also increased. After a 
pH of 6 the rate constants leveled out and were relatively similar. Overall, a functional 
pKa value of 5.4 was determined from fitting the data to Equation 2 (Figure 3.8). 
Hyperoxidation analyses for DPPrx1 
In order to determine the structure of DPPrx1 under differing oxidative stress 
conditions, reduced DPPrx1 was mixed with varying concentrations of H2O2 and the 
resulting band patterns were compared via SDS-PAGE (Figure 3.9). At H2O2 
concentrations of 0.02 mM and 0.04 mM, three bands were generated: a major band at 
~40 kDa, a smaller band just underneath it, and another minor band at ~22 kDa. At H2O2 
concentration of 0 mM and above 0.06 mM, only two bands formed, a major band at ~40 





































Figure 3.9. Nonreducing SDS-PAGE analysis of purified, reduced DPPrx1. 5 µM of 
DPPrx1 was mixed with varying concentration of H2O2 (0–0.96 mM). 1 kb ladder is in 
lane 1. 
 
WST-1 assay on DPSOD1 
In order to assess the relative activity of DPSOD1, an inhibition curve was 
generated form varying DPSOD1 concentrations using the WST-1 SOD assay (Figure 
3.10). From the inhibition curves, the amount of DPSOD1 that results in 50% inhibition 
of WST-1 (IC50) reduction was determined to be 0.95 ng (Figure 3.10). This value was 
less than the amount of Bovine SOD, which was 1.62 ng. As the activity of bovine SOD 
is often used a common reference point when characterizing SOD activity, the activity of 
DPSOD1 can be expressed as a ratio of its IC50 to that of the bovine standard – 1.62 ng 





Figure 3.10 - (a) Inhibition percentages of WST-1 reduction for differing concentrations 
of DPSOD1, fitted to an exponential curve to generate an inhibition curve. (b) Inhibition 
percentages of WST-1 reduction for differing concentrations of bovine Cu, Zn-SOD 
fitted to an exponential curve to generate an inhibition curve. Each point is the mean 
value for the three wells containing that specific standard, and the error bars represent 
standard error.  
3.7 Discussion 
MCO DNA protection assay 
One of the key physiological roles of peroxiredoxin is to mitigate the damaging 




































































(Mason 2016; Dmochowska-Ślęzak et al. 2016). As demonstrated in the MCO system, 
when DPPrx1 was present in higher concentrations, the accumulation of nicked DNA 
was minimized, supporting that DPPrx1 possesses antioxidant activity (Figure 3.5). This 
is consistent with the previously mentioned work done by Li et al. (2016) looking at a 
typical 2-cysteine peroxiredoxin from the pine wood nematode, which lives in a similar 
host environment. The results from this MCO experiment support the important 
antioxidant role of DPPrx1 for the mountain pine beetle. Preventing this kind of 
molecular damage would be essential to the success of the mountain pine beetle when 
first entering the phloem and surviving the flood of defensive compounds produced by 
the tree that can initiate the generation of free radicals (Mason 2016). 
Peroxiredoxin functional assay 
The second order rate constant generated for DPPrx1 with H2O2 was 9.8 x 107 M-
1s-1 (Figure 3.6). This value is two orders of magnitude higher than the rate constant 
reported for human typical 2-cysteine peroxiredoxin, 4.9 x 105 M-1s-1 (Carvalho et al. 
2017). However, it is more comparable to another human peroxiredoxin, 4 x 107 M-1s-1 
(Ogusucu et al. 2007), and to those found in Salmonella typhimurium, AhpC - 2.3 x 107 
M-1s-1 (Parsonage et al. 2008), and S. cerevisae, Tsa1 - 2.2 × 107 M−1 s −1 and Tsa2 - 1.3 × 
107 M−1 s −1 (Nelson et al. 2008). However, of these five peroxiredoxins, DPPrx1 has the 
highest second order rate constant, indicating that DPPrx1 is more reactive with H2O2 
than these other peroxiredoxins. The reactivity of the protein likely plays a key part in 
mountain pine beetle survival. This high reactivity would better enable the protein to 
protect the cell against oxidative damage, but also more readily participate in any 
hydrogen peroxide-mediated cellular signaling.  
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The horseradish competition assay is a useful tool to elucidate the reactivity of 
DPPrx1 with H2O2 but cannot be used to study the relationship between DPPrx1 and 
organic peroxides. There are several proposed signal transduction pathways that use 
peroxiredoxin as the initial messenger that convey the message through both covalent and 
noncovalent interactions (Ogusucu et al. 2007). Therefore, DPPrx1 is likely involved in 
other pathways, but future research would be required to determine the particular 
pathways, protein interaction partners, and DPPrx1’s reactivity with the associated target 
molecules. 
One such study would involve a variant of the horseradish peroxidase competition 
assay that could be used to assess the role of DPPrx1 in other pathways as described by 
Peschenko and Shichi (2001). In this approach, another competition assay called the 
selenium glutathione peroxidase/glutathione reductase/NADPH coupled assay is 
incorporated into the protocol. Initially, peroxynitrite and organic peroxides are mixed 
with the peroxiredoxin of interest. If the peroxiredoxin has a high affinity for the organic 
peroxides, then there should be a reduction in free organic peroxides in the mixture. 
Those free organic peroxides can be by quantified with the glutathione 
peroxidase/glutathione reductase/NADPH coupled assay. The difference in organic 
peroxides can then be used to generate a second order rate constant between 
peroxiredoxin and the organic peroxides (Ogusucu et al. 2007; Peshenko and Schichi 
2001). Potentially, this approach could be employed with DPPrx1 to better assess the role 
of this protein in other detoxification pathways used by the mountain pine beetle, with 
more ecologically relevant substrate contexts.  
Peroxiredoxin pKa analysis 
 
85
DPPrx1 has a functional pKa of 5.4, which is consistent with the pKa value for 
Tsa1 from S. cerevisae, which also has a pKa of 5.4. This pKa is higher than that of other 
proteins that have thiolate containing active sites, such as E. coli DsbA at 3.5. However, 
the pKa for DPPx1 is lower than that of free cysteine (6.7–7.1). A pKa value lower than 
that of free cysteine is important because at a pKa of 6 there would be 93% deprotonation 
of the cysteine at a pH of 7, but at a pH of 8.5 only 3% of the cysteine would show 
deprotonation (Nelson et al. 2008). As the deprotonated thiolate form is much more 
reactive with H2O2, having a pKa below 6 highly increases the reactivity of the 
peroxiredoxin protein. However, the impact this would have on the overall function of 
the protein is somewhat balanced by the fact that once the thiolate is formed, the 
nucleophilicity diminishes as the pKa value decreases (Nelson et al. 2008). 
Physiologically this becomes relevant, as DPPrx1 is a cytosolic protein. The cytoplasm of 
the cells is approximately neutral, so the combination of the lower pKa value and the 
decreased nucleophilicity after thiolate formation, allows for it to be able to carry out 
antioxidant activities in the cytosol (Nelson et al. 2008). 
Hyperoxidation of DPPrx1 
In the absence of H2O2, DPPrx1 ran as a major and minor band, likely 
corresponding to the ~22 kDa monomer and the ~43kDa dimer, respectively. Initially as 
the H2O2 concentration increased, the homodimer (both the single disulfide and the 
double disulfide forms) became the major bands, as this is the functionally relevant 
conformation of the protein. At 40 µM, the monomer once again becomes the dominant 




The hyperoxidation of typical 2-cysteine peroxiredoxins in insects has not been 
characterized. It was observed that DPPrx1 underwent hyperoxidation at a lower 
concentration of H2O2 (~0.06 mM) than human peroxiredoxin (~0.12 mM). This can 
potentially be attributed to the higher rate constant of DPPrx1 (Figure 3.7) and the 
presence of hyperoxidation sensitivity motifs (Figure 3.2). This hyperoxidized 
peroxiredoxin has been found to serve many signalling purposes in other organisms 
suggesting that hyperoxidized DPPrx1 could play a similar role in the mountain pine 
beetle during host colonization (Delaunay 2002). This signal transduction could be 
essential during host colonization when mountain beetles are undergoing considerable 
oxidative stress which would require more proteins to mitigate the damaging impact of 
free radicals like catalase and glutathione peroxidase which could more effectively 
breakdown H2O2. 
α-pinene is a terpene produced by pine trees and is used as a defensive toxin 
against mountain pine beetles during colonization (Seybold et al. 2006). However, the 
mountain pine beetle has evolved a mechanism to incorporate the α-pinene molecule into 
the structure of its primary aggregation pheromone, trans-verbenol (Chiu et al. 2019). 
Therefore, a compound that was originally produced by trees to withstand mountain pine 
beetle attacks has been coopted by the mountain pine beetle to serve as a key component 
for overwhelming the tree defenses. Potentially, a similar situation could be occurring 
with H2O2, where a compound originally produced to defend against mountain pine beetle 
attack has been incorporated by the beetle’s defense systems as a means for better 
overcoming the host tree’s defenses. 
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H2O2 is produced in high quantities during the breakdown of phenols and terpenes 
that occurs during tree colonization and can freely cross the plasma membrane of cells. 
The results from the hyperoxidation experiments support that when exposed to high 
concentration of H2O2, DPPrx1 undergoes a hyperoxidized change in oligomeric state. As 
discussed by Delaunay (2002), hyperoxidized peroxiredoxin acts as a signaling molecule 
in other organisms. One of the most likely signaling targets for hyperoxidized DPPrx1 
would be proteins that lead to the expression of oxidative stress proteins like glutathione 
peroxidase and catalase that typically have a higher affinity for H2O2. That said, it is 
likely that DPPrx1 is involved in many different signaling pathways because there are 
196 unique protein interactors for human peroxiredoxin 1 (Ledgerwood et al. 2017) 
Ledgerwood et al. (2017) have proposed three different signal transduction 
pathways caused by hyperoxidized peroxiredoxin. The first proposed mechanism is 
known as the ‘disulfide relay’, where hyperoxidized peroxiredoxin triggers disulfide 
formation in a targeted protein or proteins, which then proceed to pass on this signal 
through other proteins (Okazaki et al. 2007; Ichijo et al. 1997). This signal transduction 
was original studied in S. cerevisiae but there is evidence that supports its presence in 
mammalian cells as well. As reviewed in Ledgerwood et al. (2017), this mechanism is 
carried out between thiol containing proteins. 
The second mechanism that has been proposed for peroxiredoxin signaling is non-
covalent interactions of the hyperoxidized peroxiredoxin with its target proteins. These 
mechanisms would allow the peroxiredoxin to pass the signal on to proteins without thiol 
groups. The exact mechanism in which this signal is passed on is not fully known, but it 
appears peroxiredoxins are able to impact non-redox proteins like phosphatase, a tensin 
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homologue (PTEN), and epidermal growth factor (EGF) without changing their redox 
states (Kwon et al. 2004; Lee et al. 2002). These proteins have been referred to as 
peroxiredoxin interacting partners and identifying them within the mountain pine beetle 
is key to elucidating the exact signaling roles of DPPrx1 (Ledgerwood et al. 2017). 
The third type of peroxiredoxin signal transduction is where the hyperoxidized 
peroxiredoxin is not actually acting as the signal, but because it is catalytically inactive, 
the subsequent build-up of H2O2 is acting as the initial signal. This mechanism is referred 
to as the floodgate model and has been proposed as playing a key part during the cell 
cycle (Wood et al. 2003). In this specific scenario, it is not the build-up of H2O2 that 
causes the inactivation of the peroxiredoxin but rather inhibitory phosphorylation by 
another protein (Ledgerwood et al. 2017; Wood et al. 2003). This allows for the build-up 
of H2O2 and the oxidation and inhibition of a centrosome-bound phosphatase. This would 
prevent the early degradation of mitotic activators and allows for the cell cycle to 
continue (Lim et al. 2015). However, the exact mechanism for how H2O2 channels and 
accumulates at the centrosome is still not understood (Woo et al. 2010). 
Each of the three previously mentioned pathways is dependent on involvement of 
a hyperoxidized peroxiredoxin. Therefore, the fact that DPPrx1 shows sensitivity to 
hyperoxidation (Figure 3.9) indicates that it could potentially be a part of many cell-
signaling systems.  
Superoxide dismutase functional assay 
Upon conducting a WST-1 assay on DPSOD1, an IC50 value of 0.95 ng was 
generated. This is lower than that of the SOD obtained from bovine erythrocytes -1.62 ng 
(Figure 3.10). In addition, this IC50 is much lower than that of a Cu, Zn SOD from S 
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cerivisiae, that has an IC50 value of 1.5 μg (Peskin and Winterbourn 2017). Therefore, this 
suggests that DPSOD1 may be a relatively more reactive SOD. This is similar to the 
higher rate constant generated for DPPrx1 where the increased reactivity could be 
attributed to the unique life history of the mountain pine beetle, immersing itself in toxic 
compounds during host tree colonization. Other insects that are found in environments 
with a high concentration of free radicals, such as Tribolium castaneum and 
Reticulitermes speratus, also appear to have more reactive SOD (Tasaki et al. 2018; Ferro 
et al. 2017). Therefore, it is likely that the life history of mountain pine beetle requires a 
highly reactive suite of oxidative stress proteins to successfully survive the host tree’s 
defenses 
3.8 Conclusions and Future Directions 
The findings of this study support the likely physiological role of peroxiredoxin 
within the mountain pine beetle, as a key part in preventing biomacromolecule damage, 
such as DNA nicking, due to the presence of reactive oxygen species. As well, the 
functional profile of DPPrx1 was further expanded through characterizing the reaction 
constant and pKa value for DPPrx1 with a horseradish peroxidase competition assay. A 
potential aspect of DPPrx1’s functionality that was not tested for in this study is its ability 
to mitigate H2O2 levels independent of its functional cysteines. This catalytic activity is 
similar to that of catalase and associated with a GVN motif located in the active site (Sun 
et al. 2017). This particular motif is present in DPPrx1 making this protein a suitable 
candidate for further tests determining whether DPPrx1 also has this catalytic function 
(Sun et al. 2017). 
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Furthermore, my findings support that DPPrx1 is sensitive to hyperoxidation; this 
susceptibility to hyperoxidation makes sense with the relatively high second order rate 
constant that we determined for the enzyme. This potential role in signal transduction 
could be essential when the mountain beetle cells are undergoing considerable oxidative 
stress, as it could trigger the expression of other oxidative stress proteins as discussed 
previously. However, there are many other signaling pathways hyperoxidized 
peroxiredoxin is believed to be a part of (i.e. the H2O2 floodgate model, noncovalent 
signaling interactions, and the disulfide relay) (Ledgerwood et al. 2017). Therefore, it is 
likely that cellular signaling is the primary role of DPPrx1 during host colonization, even 
more so than its role as an antioxidant. At this point, the signaling roles of peroxiredoxin 
in the mountain pine beetle are mainly speculative, making it an area for future research. 
However, characterizing some of the other pathways and molecules that may be 
interacting with peroxiredoxin may be challenging as currently most approaches have 
only been conducted with high throughput mass spectrometric-based methods and 
overexpression of tagged peroxiredoxins (Portillo-Ledesma 2018). The former approach 
is highly technical and the second is problematic as the tag often impacts the activity of 
the peroxiredoxin. Conducting a study of this type could require designing a novel 
experimental approach. 
In addition to the different pathways that hyperoxidized DPPrx1 may be involved 
in, the unique active site of this enzyme is another potential focal point for future 
investigation. As discussed in the introduction, the glycine residues that are present in the 
motif A’s of human and bacterial Prx1s are not present in DPPrx1 (Bolduc et al. 2018). 
There is a potential link between the presence of these lysines and the high reactivity of 
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DPPrx1, particularly when considering why DPPrx1 shows such a high sensitivity to 
hyperoxidation, despite missing the YR motif typically associated with 2-cysteine 
peroxiredoxin being prone to hyperoxidation (Figure 3.2; Figure 3.9).  
An interesting line of investigation would be to compare the DPSOD1 IC50 value 
to some of the other mountain pine beetle SODs. Most notably DPSOD3, which is an 
extracellular protein, meaning it is secreted into the periplasmic space. Other studies 
support that extracellular SODs are often secreted to break down superoxide before it can 
enter the cell and cause any damage either on its own or from its breakdown and 
subsequent formation of H2O2. In addition, because there is evidence that extracellular 
SOD may also be involved in redox signaling pathways (Fukai & Fukai 2011), it would 
be interesting to see how the difference in cellular localization and function might impact 
the overall activity of these two SOD proteins.  
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Chapter 4: Conclusions 
 
Mitigating the destructive impacts of reactive oxygen species (ROS) is essential 
to the mountain pine beetle’s success during host colonization. A better understanding of 
these oxidative stress proteins and their unique functionality will lead to an overall 
increase in the understanding of bark beetles and the molecular mechanisms underlying 
host detoxification. Therefore, findings from this study could potentially be applied to 
other bark beetles like, Dendroctonus rufipennis, the spruce beetle or other economically 
important Dendroctonus spp. Spruce beetle currently of growing concern in British 
Columbia as its population is increasing in some areas, considerably impacting the local 
forest ecosystems and economies (Campbell et al. 2019) and various other bark beetles 
are also important in BC and elsewhere in the mountain west. 
 In this study I selected five key oxidative stress proteins from the mountain pine 
beetle – superoxide dismutase (SOD), catalase, glutathione peroxidase (GPx), and 
peroxiredoxin (Prx) – for functional and phylogenetic analyses. Including the sequence 
and phylogenetic data in this study enabled me to compare the active sites of these 
proteins to those of other insect species, thus providing a molecular context for the 
functional data. From the generated sequence alignments, I found a variation in the YF 
hyperoxidation motif of DPPRx1 (Chapter 2). A non-conserved amino acid substitution 
in such a key reactivity motif could have a considerable impact on that protein’s 
reactivity.  
In fact, this impact on reactivity was potentially observed in this study as the 
generated second-order rate constant was 9.8 x 107 M-1s-1, which was two orders of 
magnitude higher than the human homolog (Ogusucu et al. 2007). As well, DPPrx1 
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displayed a higher susceptibility to hyperoxidation compared to human Prx proteins. This 
is notable as hyperoxidized Prx is known to act as a signal for the expression of other 
oxidative stress proteins (Delaunay 2002). This increase in activity and susceptibility to 
hyperoxidation indicates that DPPrx1 could be a key component of the mountain pine 
beetle primary antioxidant system. Future studies could investigate DPPrx1 homologs in 
other bark beetles, such as spruce beetle or Ips spp., to see if they have the same unique 
FF motif and function similarly. Additionally, one could do site-specific mutagenesis, 
changing the motif to YF, and then conduct comparative kinetic assays. These DPPrx1 
features could be unique to bark beetles and could have evolved to enable them to better 
overcome the host tree’s defenses. If this is the case, disrupting these proteins and the 
molecular pathways that they are part of could be a potential target for future pest 
management strategies.  
To gather this functional data, I obtained the coding region for each protein from 
a mountain pine beetle cDNA library and inserted into an expression vector using the 
Gateway Cloning ProcedureTM. This approach generated enough DPPrx1 and DPSOD1 
to proceed with functional analyses. Competition assays were used to functionally 
characterize these proteins, a xanthine oxidase assay for DPSOD1 and a horseradish 
peroxidase for DPPrx1. Competition-based assays do not directly measure the activity of 
a protein but do so indirectly through the disruption of a competing protein’s reaction, 
and as a result, a reaction constant can be successfully generated.  
In order to acquire a sufficient protein yield for enzymological characterization, a 
systematic stepwise approach had to be employed. This was effective, but very time 
consuming. Therefore, these finished protocols could be very useful to other researchers 
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undertaking functional analyses on similar proteins. At the very least, they would provide 
a general framework. These protocols could be used in functional analyses related to a 
variety of research fields (agriculture, medicine, ecology, etc.). 
 Despite generating purified recombinant enzyme for DPPRx1 and DPSOD1 
characterization, I was unable to do so for the other oxidative stress proteins being 
analyzed. Most of these were expressed as insoluble inclusion bodies. There are a number 
of solutions that future researchers could employ to remedy this problem. Wingfield 
(2015) discussed denaturing misfolded proteins and refolding them under the conditions 
optimal for that specific protein. However, the yield is usually reduced (5%-20%) as a 
result of this procedure.  
 Another approach would be to use an expression system other than E. coli. As 
these are eukaryotic proteins, potentially a eukaryotic expression system could be 
preferable. Although complex molecular processes vary considerably amongst eukaryotic 
organisms, protein modifications like glycosylation, phosphorylation, and fatty acid 
addition can be better facilitated in eukaryotic systems than prokaryotic ones (Possee 
1997; Giesse et al. 1996). Cereghino and Clegg (1999) found success with yeast when 
trying to express proteins that had been clustering into inclusion bodies. As mentioned in 
the introductory chapter of this thesis, insect cell lines are also an option and would best 
replicate the cellular conditions of the mountain pine beetle, and insect cell lines can also 
be quickly scaled up, increasing the total protein yield (Grennan et al. 1996).  
 Another method to promote proper protein folding, particularly for any of the 
extracellular proteins (DPSOD2 and DPPrx6) and membrane bound proteins (DPPrx5), 
would be to fuse a signal sequence to the recombinant proteins. These signal sequences 
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are key for directing proteins to their respective organelles and cellular regions. Zhang et 
al. (2018) compared the effect of a number of signal peptides on a thermostable lipase, 
lipBJ10, from Pseudomonas fluorescens. Although there was variation based on the 
specific signal peptide that was being used, in general they found that attaching these 
signal peptides to the N-terminus increased protein solubility. That said, the success of 
this approach is highly dependent, on the particular proteins being expressed and their 
associated secretory pathways. Singh et al. (2013) compared the expression yields of a 
thioredoxin protein that had two different attached leader sequences to wild types, and 
found that in general, those with leader sequences demonstrated decreased 
thermostability and increased likelihood for protein aggregation. 
 Another potential solution to this problem would be to express the associated 
chaperone with each protein. For instance, in chapter 2 I found that one of the proteins 
that was designated as ‘SOD-like’ was most likely a copper chaperone for SOD (CCS); a 
protein which functions to ensure the proper insertion of the copper cofactor into the fully 
folded SOD. I supplemented the DPSOD1 inductions with copper and obtained a 
sufficient yield of soluble DPSOD1 (Williams et al. 2016). However, the majority of the 
protein was still in the insoluble state, and all of the DPSOD2 was insoluble. Potentially, 
if the expression vector contained both the DPSOD gene of interest and the CCS protein 
then there would be a greater yield of properly folded protein. A study by 
Eiamphungporn et al. (2018) compared the co-expression of a Cu/Zn SOD with its 
corresponding CCS protein and found that not only was their an increase in the yield of 
soluble protein, but that there was also a three-fold increase in specific activity. 
Therefore, now that I have identified a potential CCS protein, co-expressing it with 
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mountain pine beetle SOD proteins may not only change the protein yield but also the 
functional characterization of the proteins. 
 The mountain pine beetle is an organism with a unique life history, spending the 
majority of its existence in a host tree that defends itself with resin-based toxins. 
Therefore, continuing to examine the proteins it uses for detoxification, like the oxidative 
stress proteins, will provide further intriguing insights as to what molecular modifications 
had to evolve in order for it to not only survive, but flourish in these conditions. As these 
functional and bioinformatics protocols become more refined, the more in-depth our 
understanding of these systems becomes. This is noteworthy because the better we 
understand these symptoms, the better we will be able to predict future outbreak patterns 
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